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Abstract
Hydrothermal sediments are one of the products of hydrothermal activity. Their study 
can be very useful for the reconstruction of the history of hydrothermal ﬁelds once they 
contain information about the hydrothermal sources and the dynamics of hydrothermal 
circulation at the system. Their identiﬁcation is also a useful tool for prospecting hy-
drothermal mineral deposits in the oceans and for the understanding of ancient mineral 
deposits on land. Most research on active hydrothermal systems has been done on high-
temperature and focused ﬂow hydrothermal ﬁelds and not much is known about the 
hydrothermal processes driving low-temperature and diffuse ﬂow ﬁelds. 
This study aims to contribute for the understanding of two Mid-Atlantic Ridge 
(MAR) hydrothermal sites, the low-temperature Saldanha hydrothermal ﬁeld and the 
higher temperature Lucky Strike site. For this, the mineralogy, geochemistry and stable 
(C and O) and radiogenic (Nd and Pb) isotopes from hydrothermal sediments collected at 
these sites during the Saldanha’98, Seahma’92 and CD167’04 cruises was studied. Previ-
ously published geochemical data for hydrothermal ﬂuids and rocks from Lucky Strike 
and from other MAR hydrothermal sites was integrated with sediment data for better 
understanding the interaction taking place between rocks, ﬂuids and sediments at these 
sites. As Saldanha is a newly discovered hydrothermal ﬁeld, no previously published 
geochemical data was available and the geochemistry of rock samples from this site was 
also determined. 
Saldanha is a sedimented maﬁc-ultramaﬁc-hosted hydrothermal ﬁeld located in a 
non-transform offset (NTO5). Hydrothermal activity is manifested mainly by diffuse 
venting through the pelagic sedimentary cover but more focused ﬂuid ﬂow occurs 
through centimetric oriﬁce vents. Two types of sediments were identiﬁed at this site: (1) 
most samples are type I sediments, characterized by a strong dilution of the hydrother-
mal fraction in the dominant carbonate ooze. The hydrothermal component is revealed 
by the presence of Fe-Mn oxyhydroxides and sporadic Cu, Zn and Fe sulphide phases, 
particularly evident in samples directly collected at the vents. The bulk geochemistry 
and isotopic composition of these sediments is consistent with a dominant pelagic frac-
tion overprinting the hydrothermal phases. However, it was possible to detect Mn, Cu, 
Zn, Fe and Co enrichments derived from hydrothermal ﬂuids. These sediments also 
xpresent V and U enrichments and negative Ce anomalies in chondrite normalized REE 
patterns, as consequence of seawater scavenging by sulphide and oxyhydroxide phases; 
(2) type II sediments have a distinct mineralogy and geochemistry. These sediments 
have higher concentrations of sulphide minerals (chalcopyrite + sphalerite/wurtzite ± 
pyrite - pyrrhotite) and hydrothermal calcite occurs in a matrix of serpentinite + talc ± 
chlorite. Effective separation of Cu, Zn, Fe and Mn occurs, with decreasing ratios of Cu/
Zn, Cu/Fe and Zn/Fe and increasing ratios of Mn/Fe from the bottom to the upper layers. 
This is in accordance with a sharp gradient in temperature, Eh and pH of the upﬂowing 
hydrothermal ﬂuid. The fact that these sediments are highly enriched in metals but not 
in seawater-derived elements, and that the Nd isotopic composition is radiogenic, agrees 
with a more focused discharge with minor seawater interaction.
Carbon isotopic composition and oxygen geothermometry for hydrothermal calcites 
isolated from type II sediments, together with the mineralogy, geochemistry and radio-
genic isotopic compositions from the bulk sediment and from hydrothermally altered 
rock samples (metabasalts, metagabbros and steatites), indicate that these sediments 
have reacted with reduced, acid and high-temperature (>250ºC ) ﬂuids. This data also 
suggests that hydrothermal ﬂuids have interacted mainly with maﬁc instead of ultrama-
ﬁc rocks, and the high-temperature of the ﬂuids derived from these sediments points, 
for the ﬁrst time, for a magmatic heat source contribution for this ﬁeld. Fracture zones 
driven by ultramaﬁc emplacement in the Saldanha area may control both the circulation 
of hydrothermal ﬂuids and the mineralization of rocks and sediments located in these 
preferential upﬂow zones.
During the 1998 and 2002 cruises only type I sediments were found and the tem-
perature of the ﬂuids emanating from the vents was low (max. 9ºC). The only sample 
collected during the 2004 mission in the vents area was a type II sediment but during this 
mission it was not possible to perform in situ observations of the ﬁeld or to measure the 
temperature of hydrothermal ﬂuids. The geochemical and isotopic data for this sample 
suggests that ﬂuids are released at the overlying vents with a temperature probably much 
higher than that directly measured in the vents during the previous missions. This raises 
the exciting possibility of temperatures at the site being increasing and of Saldanha rep-
resenting the birth of an hydrothermal system similar to Rainbow site.
Lucky Strike, on the other side, is a maﬁc-hosted ﬁeld located at the ridge segment 
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where the sediment cover is scarce. Sediments from this site were collected in an area 
of white smoker activity and consist of a dominant hydrothermal component formed 
essentially by barite + sphalerite ± chalcopyrite ± pyrite, related with a relatively low-
temperature venting (<220º) for this system. Consistently, Ba, Zn, Cu, Fe and Pb are 
major elements. Down-core variation in mineralogy and geochemistry suggest pulses of 
activity at the system. The enrichment in oxidized sulphides at deeper layers indicates 
sulphide precipitation during an earlier period of higher-temperature venting followed 
by a period of post-depositional seawater weathering. The Ba-rich upper layers agree 
with a ﬁnal period of lower temperature ﬂuids favoring Ba precipitation. The Pb isotopic 
composition found in sediments and hydrothermal ﬂuids show that high-temperature 
mineralized ﬂuids have leached Pb from Lucky Strike rift segment basalts.
The stronger metal-enrichment in Lucky Strike sediments in comparison with 
Saldanha type II sediments results from the more vigorous hydrothermal activity at 
Lucky Strike. However, the sulphide assemblage and the lower Cu/Zn ratios of Lucky 
Strike samples point towards a precipitation by relatively lower temperature ﬂuids at this 
site than at the Saldanha area where type II sediments are formed. Also, Lucky Strike 
sulphide phases are highly oxidised as a consequence of pronounced seawater interac-
tion. At Saldanha ﬁeld, the presence of a sediment cover minimizes seawater interaction 
and oxidation processes. These conditions may be particularly favourable for the forma-
tion of non-oxidised ore deposits.
Keywords: hydrothermal sediments; Saldanha hydrothermal ﬁeld; Lucky Strike hydrothermal 
ﬁeld; ultramaﬁc-hosted hydrothermal ﬁeld; serpentinization; heat source of hydrothermal ﬁelds; 
hydrothermal calcites; stable isotopes; radiogenic isotopes.
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Resumo
Os sedimentos hidrotermais constituem um dos produtos resultantes da actividade 
hidrotermal. O seu estudo tem vindo a mostrar-se extremamente importante na recons-
tituição evolutiva dos processos hidrotermais, na medida em que contêm informação 
não só das suas fontes como da dinâmica da circulação do sistema hidrotermal. Adi-
cionalmente, o reconhecimento deste tipo de sedimentos constitui uma ferramenta útil 
na prospecção de depósitos minerais nos oceanos permitindo, em última análise, com-
preender os depósitos minerais em terra. Os estudos realizados nos campos hidrotermais 
dos fundos oceânicos têm tido maior relevância em campos focalizados e de alta tem-
peratura, onde se desenvolvem chaminés do tipo “white” e “black smokers”, sendo ainda 
limitado o conhecimento dos processos hidrotermais que originam campos difusos e de 
baixa temperatura.
Este estudo pretende contribuir para a  compreensão de dois campos hidrotermais 
situados no Rifte Médio-Atlântico (RMA), o campo hidrotermal Saldanha, primeira-
mente descrito como sendo de baixa temperatura, e o campo hidrotermal Lucky Strike, 
caracterizado por uma temperatura mais elevada. As amostras de sedimentos hidroter-
mais utilizadas neste trabalho foram recolhidas durante as missões Saldanha’98, Sea-
hma’02 e CD167’04. Procederam-se a estudos da sua composição mineralógica e geo-
química, bem como à determinação da sua composição em isótopos estáveis (C e O) e 
radiogénicos (Nd e Pb). Os resultados obtidos para os sedimentos foram interpretados 
em conjunto com dados já publicados para rochas e ﬂuídos do campo Lucky Strike e de 
outros sistemas hidrotermais do RMA com o intuito de compreender a interacção ﬂuído-
rocha-sedimento que ocorre neste tipo de campos. O campo Saldanha foi recentemente 
descoberto pelo que à data deste trabalho não existiam dados geoquímicos publicados 
para este sistema. Procedeu-se assim igualmente a análises geoquímicas em rochas re-
colhidas nesta área.
O campo Saldanha localiza-se numa descontinuidade de segunda ordem do RMA, 
entre os segmentos FAMOUS e AMAR, e é caracterizado por conter uma elevada co-
bertura de sedimentos pelágicos e por um enquadramento em rochas de natureza máﬁca 
e ultramáﬁca. A actividade hidrotermal processa-se maioritariamente de forma difusa 
através da cobertura sedimentar embora também se observem orifícios de dimensões 
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centimétricas por onde é libertado um ﬂuído hidrotermal transparente mais focalizado. 
Neste campo foram identiﬁcados dois tipos de sedimentos : (1) a maioria dos sedimentos 
são de tipo I, caracterizados por uma fase hidrotermal fortemente diluída na ooze car-
bonatada dominante. A componente hidrotermal é dominada por oxi-hidróxidos de Fe e 
Mn e mais raramente por sulfuretos de Cu, Zn, e Fe, cuja ocorrência é mais frequente em 
sedimentos recolhidos directamente nos orifícios de descarga. Os dados geoquímicos 
de sedimento total e isotópicos conﬁrmam a sobreposição de uma componente pelágica 
dominante numa assinatura hidrotermal diluída. No entanto, foi possível detectar um 
enriquecimento em Mn, Cu, Zn, Fe e Co nestes sedimentos, elementos que tipicamente 
precipitam a partir de ﬂuídos hidrotermais. Foram igualmente identiﬁcados enriqueci-
mentos em V e U que, conjuntamente com as anomalias negativas de Ce observadas 
em padrões de elementos de terras raras (ETR) normalizadas para o condrito e com os 
valores não-radiogénicos dos isótopos de Nd, evidenciam a adsorsão destes elementos 
a partir da água-do-mar não modiﬁcada; (2) o segundo tipo de sedimentos (tipo II) 
apresenta uma mineralogia e assinatura geoquímica distinta. Estes sedimentos apresen-
tam uma maior concentração em minerais sulfuretados (calcopirite + esfalerite/wurtzite 
± pirite − pirrotite) e a ocorrência de calcite hidrotermal, ambos disseminados numa 
matriz composta por serpentina + talco ± clorite. Ao longo da coluna de sedimento existe 
uma separação efectiva do Cu, Zn, Fe e Mn, traduzida por um decréscimo das razões 
de Cu/Zn, Cu/Fe e Zn/Fe e por um acréscimo da razão Mn/Fe da base para o topo do 
sedimento. Este fraccionamento evidencia um gradiente de temperatura e das condições 
de Eh e pH ao longo da zona de descarga. O facto destes sedimentos apresentarem uma 
maior concentração em metais e de não exibirem assinaturas geoquímicas resultantes da 
interacção com a água-do-mar não modiﬁcada, sugere uma descarga mais focalizada na 
sua área de ocorrência.
A partir de calcites isoladas de sedimentos de tipo II foi possível recolher dados iso-
tópicos de C e estimar a temperatura da sua formação por geotermometria de isótopos 
de O. Estes resultados, em conjunto com os dados de mineralogia, geoquímica e de com-
posição de isótopos radiogénicos do sedimento total e de rochas hidrotermalmente mais 
alteradas (metabasaltos, metagabros e esteatitos) recolhidas nesta área, indicam que as 
calcites hidrotermais deverão ter interagido com um ﬂuído hidrotermal redutor, ácido e 
de elevada temperatura (>250°C). Estes dados sugerem ainda que este ﬂuído deverá ter 
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adquirido a sua assinatura geoquímica através de uma circulação maioritariamente em 
rochas máﬁcas. As elevadas temperaturas inferidas a partir do estudo dos sedimentos 
mais hidrotermalizados sugerem, pela primeira vez, a contribuição de uma fonte de calor 
magmática para este sistema hidrotermal por oposição a uma fonte de calor resultante 
unicamente de reacções exotérmicas de serpentinização, como primeiramente sugerido 
para o campo hidrotermal Saldanha. As zonas de fractura resultantes da exumação das 
rochas ultramáﬁcas neste campo deverão não só controlar a circulação hidrotermal como 
focalizar os ﬂuídos nas zonas de descarga. Desta forma, os ﬂuídos irão mineralizar as 
rochas e sedimentos que se encontram localizados nas zonas preferenciais de descarga.
Durante os cruzeiros efectuados em 1998 e 2001 todas as amostras de sedimento re-
colhidas eram de tipo I e as temperaturas dos ﬂuídos, medidas directamente nos orifícios 
de descarga, registaram valores máximos de 9°C. A única amostra recolhida na zona dos 
orifícios de descarga durante o cruzeiro de 2004 representa um sedimento do tipo II, 
mas nesta missão não foi possível realizar medições da temperatura dos ﬂuídos hidroter-
mais emanantes nem observações in situ do campo hidrotermal. Contudo, as assinaturas 
geoquímicas e isotópicas deste sedimento sugerem que os ﬂuídos libertados à superfície 
deverão atingir temperaturas muito superiores àquelas medidas nos cruzeiros anteriores. 
Este facto levanta a hipótese das temperaturas deste sistema estarem a aumentar e do 
campo Saldanha poder representar o nascimento de um sistema hidrotermal do tipo 
Rainbow.
O campo Lucky Strike está enquadrado apenas em rochas máﬁcas e situa-se no seg-
mento do RMA localizado abaixo da zona de fractura de primeira ordem do Pico, onde a 
cobertura sedimentar é diminuta. Os sedimentos analisados neste estudo foram amostra-
dos numa zona onde a actividade hidrotermal é manifestada por “white smokers”. Os 
sedimentos são constituídos por uma componente hidrotermal formada por barite + es-
falerite ± calcopirite ± pirite, relacionada com uma actividade de temperatura relativa-
mente baixa (<220°C) para este sistema. Consistente com a paragénese observada, a 
maior concentração de elementos químicos no sedimento total é observada para o Ba, 
Zn, Cu, Fe e Pb, cuja variação ao longo da coluna de sedimento sugere pulsos de activi-
dade deste sistema. Assim, o enriquecimento em sulfuretos, com evidências de oxidação 
nas camadas mais profundas, deverá ter resultado  da precipitação durante períodos mais 
antigos de descarga a partir de ﬂuídos de maior temperatura, aos quais se seguiu um 
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período pós-deposicional onde ocorreram extensivas interacções destes minerais com a 
água-do-mar. A elevada concentração de Ba nas camadas superiores é consequência da 
precipitação a partir de ﬂuídos de mais baixa temperatura. A assinatura isotópica do Pb 
nos sedimentos e nos ﬂuídos amostrados em chaminés deste campo sugerem que os mi-
nerais hidrotermais deverão ter precipitado a partir de ﬂuídos que reagiram com basaltos 
típicos deste segmento de rifte. 
O enriquecimento em metais nos sedimentos do campo Lucky Strike em comparação 
com os sedimentos de tipo II do campo Saldanha resultam de uma actividade mais 
vigorosa do primeiro sistema. Contudo, a paragénese mineral e as menores razões de 
Cu/Zn sugerem que a precipitação hidrotermal no campo Lucky Strike deverá ter ocor-
rido a partir de ﬂuídos com temperaturas ligeiramente mais baixas que nas zonas de pre-
cipitação dos sedimentos mais hidrotermalizados do campo Saldanha. No campo Lucky 
Strike a oxidação dos sulfuretos é bastante mais pronunciada como resultado da ex-
posição directa dos minerais sulfuretados à água-do-mar. No campo Saldanha a existên-
cia de uma cobertura sedimentar favorece a precipitação hidrotermal à sub-superfície 
minimizando, consequentemente, os processos de oxidação. Estas condições deverão ser 
particularmente favoráveis à formação de depósitos metalíferos não oxidados. 
Palavras-chave: sedimentos hidrotermais; campo hidrotermal Saldanha; campo hidrotermal 
Lucky Strike; campos hidrotermais ultramáﬁcos; serpentinização; fontes de calor em sistemas 
hidrotermais; calcites hidrotermais; isótopos estáveis; isótopos radiogénicos
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I. INTRODUCTION

3I. Introduction
I.1. Seaﬂoor hydrothermal processes
I.1.1. Distribution of hydrothermal activity in the oceans
The ﬁrst observation of an active hydrothermal system was made by the Alvin sub-
mersible in 1977 at the Galápagos Rift (Corliss et al., 1979). This discovery did not only 
reveal hydrothermal ﬂuid emanating through vents hosted at the seaﬂoor (black smok-
ers), but it also presented to the scientiﬁc community never before seen organisms living 
around these hot, toxic and lightless environments, using sulphur-oxidizing bacteria to 
derive their entire energy. Since this ﬁrst discovery, many other hydrothermal sites have 
been found along all mid-ocean ridges (MORs) (Figure I.1). Nowadays it is clear that 
hydrothermal activity is widespread across all oceans. Around 145 vent sites have been 
already discovered and another 130 are predicted based on the detection of water column 
anomalies (Baker and German, 2004). 
Until the ﬁrst evidence for hydrothermal activity detected along the Mid-Atlantic 
Ridge (MAR), the TAG hydrothermal ﬁeld at 26°08′N, (Klinkhammer et al., 1985; 
Rona et al., 1986), it was thought that hydrothermal activity would be restricted to fast-
spreading ridges because of insufﬁcient heat ﬂow and much lower magma supply on 
slow-spreading ridges. Contrarily to these early predictions, hydrothermal activity in 
slow-spreading ridges is more localized, intense and produces larger deposits than in 
Figure I.1. Location of known hydrothermal activity along the global ocean (from Martin et al., 2008).
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fast-spreading ridges, as a consequence of deeply penetrating faults providing long term 
conduits for hydrothermal ﬂow in slow-spreading ridges (Hannington et al., 1995).  
Since TAG discovery intense research has been performed along the MAR and many 
other hydrothermal ﬁelds have been documented. These include Logatchev at 14°45′N 
(Krasnov et al., 1995), Snake Pit at 23°22′N (Ocean Drilling Program, Leg 106, 1986), 
Broken Spur at 29°10′N (Murton et al., 1994), Rainbow at 34°14′N (German et al., 1996; 
Fouquet et al., 1997), Lucky Strike at 37°17′N (Langmuir, 1992), Menez Gwen at 37°50′N 
(Costa et al., 1995) and Saldanha at 36°34′N (Barriga et al., 1998). 
Contrarily to most hydrothermal ﬁelds located at oceanic ridges that are hosted in ba-
salts, Logatchev, Rainbow, Saldanha, and Lost City are ultramaﬁc-hosted systems. Fields 
like these have been discovered along slow- and ultra-slow spreading ridges. Recent evi-
dence for hydrothermal activity in ultramaﬁc environments has also been reported for 
the Southwest Indian Ridge (Bach et al., 2002) and the Gakkel Ridge (Edmonds et al., 
2003). In 2008 the northern-most black smoker ﬁeld, Loki’s Castle, was discovered in an 
Artic ultra-slow spreading ridge at 73°N. This increasing number shows that ultramaﬁc-
hosted systems are common along slow and ultra-slow spreading ridges.
I.1.2. Hydrothermal circulation
Seaﬂoor hydrothermal processes are the major mechanisms of heat and chemical 
transfer from the interior of the earth to the ocean (Edmond et al., 1979; Mottl and 
Wheat, 1994; Kadko et al., 1995; Elderﬁeld and Schultz, 1996) and thus have a signiﬁ-
cant inﬂuence on the chemical and isotopic composition of the ocean crust and oceans 
(Alt, 1995). Hydrothermally altered crustal rocks, massive sulphides, and hydrothermal 
sediments are the result of hydrothermal activity at MOR spreading centres (Hannington 
et al., 1995). This process begins when seawater circulates downwards through the per-
meable ocean crust in the presence of a heat source, resulting in signiﬁcant chemical and 
physical modiﬁcations of both the seawater and the ocean crust. The chemically modiﬁed 
and heated seawater that is injected back into the ocean at hydrothermal ﬁelds is called 
hydrothermal ﬂuid. Hydrothermal ﬂuids can be released diffusely through rocks or sedi-
ments or more focused through vents, forming in this case “white” or “black smokers”, 
depending on the ﬂuid concentration in metals. The hottest vent-ﬂuid temperature ever 
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measured on the seaﬂoor was 464°C and was recorded in a recently discovered hydro-
thermal ﬁeld located at 5°S on the MAR, falling into the single-phase supercritical re-
gion of seawater (Koschinsky et al., 2008).
Focused vent ﬂuids represent a small fraction of the total hydrothermal heat ﬂuxes 
on ridge axis. Studies on seaﬂoor hydrothermal systems (Schultz et al., 1992; Baker et 
al., 1993; Mottl and Weat, 1993; Stein, 1995; Mottl, 2003) show that convective heat loss 
from the oceanic lithosphere continues in oceanic crust from 0-65 Ma in age, mainly as 
low-temperature diffuse ﬂow, and represents more than 70% of the total heat loss associ-
ated with spreading ridges.
General models of hydrothermal circulation (Figure I.2) have been proposed by many 
authors (e.g. Alt, 1995; Hannington et al., 1995; Tivey, 2007; Seyfried and Ding, 1995; 
Schultz and Elderﬁeld, 1997; and references therein). In general, hydrothermal circula-
tion occurs when seawater penetrates downwards through oceanic sediments and rocks 
in a diffuse and widespread manner. Seawater is gradually heated along its ﬂow path 
due to a heat source below and starts modifying its chemistry, losing progressively Mg2+, 
SO
4
2− and OH− ions while Ca2+ is added and H+ ions are formed (recharge zones). This 
now acid and hotter ﬂuid causes intensive leaching of many chemical elements from the 
rocks (reaction zone) and generates a modiﬁed high-temperature ﬂuid enriched in some 
elements (e.g. Fe, Mn, Cu, Zn, Si, S) and depleted in others (e.g. U, Mg). In reaction 
zones, magmatic volatiles (3He, CO
2
, CH
4
, H
2
) can also be added to the ﬂuid, further 
modifying its chemistry. The gradual increase in the temperature of the evolved ﬂuid 
makes it extremely buoyant and the ﬂuid ascends rapidly through ocean crust upﬂow 
zones and is ejected to the ocean waters (discharge zones) (Figure I.2).
The end-member ﬂuid should be characterized by an acid, reduced and sulphur and 
metal-rich solution. However, the composition of the hydrothermal ﬂuid is highly vari-
able, and this depends on its initial composition, permeability and composition of the 
crust that reacted with the ﬂuid, as well as of the depth, geometry and nature of the heat 
source. Moreover, large differences in the chemistry of vent ﬂuids may be the conse-
quence of phase separation, which consist of ﬂuids being partitioned into a low-salinity, 
vapor-rich phase and a brine phase, when temperature and pressure exceeds those of the 
boiling curve (e.g. Foustoukos and Seyfried, 2007). 
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In upﬂow zones, when ﬂuids reach the ocean waters through hydrothermal vent ori-
ﬁces without signiﬁcant upwards reactions, mineral precipitation occurs directly to ocean 
waters. Metals precipitate as sulphides and oxides since redox and temperature modiﬁca-
tions occur due to contact with the seawater (Lupton, 1995). When hydrothermal ﬂuids 
mix with the cold and oxidized seawater, hydrothermal minerals precipitate and form 
dense particle plumes characteristic of black smokers. The particles are predominantly 
a mixture of Cu, Zn and Fe sulphides and Ca and Ba sulphates. Some of these minerals 
Figure I.2. Schematic drawing showing the different components and processes that occur during hydro-
thermal circulation (modiﬁed from Humphris and McCollom, 1998).
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precipitate to form part of the chimney structures that build up on the sea ﬂoor (Han-
nington et al., 1995), while others disperse in the plume, later precipitating on sediments. 
When the upﬂowing hydrothermal ﬂuids mix with seawater at the subsurface the min-
eral load of ﬂuids rapidly precipitates, resulting in the formation of massive sulphides, 
vents, and hydrothermal sediments. This subsurface mixing may result in stockwork-
like mineralization (Alt, 1995).
In diffuse ﬂow systems, the ﬂuid chemistry may suffer extreme geochemical modiﬁ-
cations until its release to the water column due to changes in temperature, pH and redox 
conditions during upward percolation. This process will deplete the ﬂuid in elements 
that precipitate to form new minerals and thus favours subseaﬂoor mineral precipitation. 
Metals precipitate within the crust porosities and fractures or even in the sediment cover, 
and the ﬂuid becomes metal-depleted. In these conditions, ﬂuids usually reach the ocean 
waters mainly with Fe and Mn in solution, and these elements can precipitate as Fe-Mn 
oxyhydroxides. This may give rise to a cap in the sedimentary cover that reduces the 
mixing of the upﬂowing ﬂuid with seawater and favours the formation and preservation 
of subseaﬂoor hydrothermal deposits. Diffuse venting occurs throughout the life of hy-
drothermal systems. It may be the earliest form of discharge in a new hydrothermal ﬁeld 
but commonly occurs at the margins of existing high-temperature upﬂow areas, where 
rising hydrothermal ﬂuids mix with cold seawater. Diffuse venting may also dominate 
the last stages of activity in a waning hydrothermal system. 
The characterization of the chemical reactions taking place between hydrothermal 
ﬂuids and the oceanic crust at recharge, reaction and upﬂow zones may provide impor-
tant insights on the mechanisms of hydrothermal circulation. Geochemical analyses of 
basement rocks, sediments and ﬂuids are crucial for this understanding. Isotopic analy-
ses (e.g. Pb, Nd, Sr, S, C and O), in particular, have been revealing as essential tools be-
cause they allow discriminating different chemical sources from their divergent isotopic 
signatures. 
Hydrothermal circulation and heat sources in ultramaﬁc-hosted systems
Hydrothermal ﬂuid chemistry from basalt-hosted systems has been analysed and 
modulated intensively (e.g. Seyfried and Dibble, 1980; Michard and Albarède, 1986; 
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Campbell et al., 1988; Michard, 1989; Klinkhammer et al., 1994; Von Damm et al., 1998; 
Bau and Dulski, 1999; Douville et al., 1999; Charlou et al., 2000; Cooper et al., 2000). 
Typically, these ﬂuids exhibit compositions distinct from that of seawater for a large 
range of elements (Figure I.3). Contrarily, chemical data for ﬂuids from active ultramaﬁc 
hydrothermal ﬁelds are still limited, since these systems were discovered much later and 
their distribution is less widespread. It was only recently, after the discovery of ultrama-
ﬁc-hosted hydrothermal systems at MAR, namely of two high-temperature (Rainbow at 
36°N and Logatchev at 15°N) an one low-temperature (Lost City at 30°N) vent ﬁeld, that 
ultramaﬁc hydrothermal ﬂuids were analysed (Kelley et al., 2001; Charlou et al., 2002; 
Douville et al., 2002; Proskurowski et al., 2008). Both Rainbow and Logatchev have 
high-temperature hydrothermal ﬂuids strongly inﬂuenced by ultramaﬁc reactions, al-
though additional interactions with gabbroic intrusions seem likely. In contrast, a direct 
link between serpentinization reactions and hydrothermal ﬂuid geochemistry has been 
suggested for the low-temperature Lost City (Kelley et al., 2001; Kelley et al., 2005) and 
Saldanha (Barriga et al., 1998) ﬁelds, although no geochemical data for Saldanha ﬂuids 
is yet available.  
In order to understand the geochemistry of hydrothermal ﬂuids derived from ultra-
maﬁc-water reactions, some studies have compared ultramaﬁc with basalt-hosted hydro-
thermal systems and have modulated reactions between oceanic peridotites and seawater 
at variable temperature and water-rock ratios (e.g. Seyfried and Dibble, 1980; Janecky 
Figure I.3. Chemical composition of hydrothermal ﬂuids normalized to the composition of seawater 
(adapted from Gurvich, 2006).
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and Seyfried, 1986; Wetzel and Shock, 2000; Allen and Seyfried Jr, 2003; Allen and Sey-
fried Jr, 2005; Seyfried Jr et al., 2007). Hydrothermal ﬂuids from ultramaﬁc-hosted sys-
tems often show chemical analyses comparable to those from basalt-hosted systems and 
this is presumably a consequence of ﬂuid interaction also with maﬁc rocks. Nevertheless, 
hydrothermal ﬂuids associated with alteration of oceanic peridotites have been showing 
some differences relatively to ﬂuids from basalt-hosted systems. In particular, ﬂuids from 
ultramaﬁc-hosted systems have higher concentrations of CH
4
 and H
2
 as a consequence of 
serpentinization reactions (Frost, 1985; Janecky and Seyfried, 1986; Kelley et al., 2001; 
Charlou et al., 2002; Frost and Beard, 2007), higher Co and Ni concentrations (Douville 
et al., 2002), lower Si concentrations independently of the ﬂuid/rock ratio (Janecky and 
Seyfried, 1986; Wetzel and Shock, 2000), and lower Mg concentration, although with 
higher values at higher ﬂuid/rock ratios (Wetzel and Shock, 2000; Kelley et al., 2001; 
Douville et al., 2002). Moreover, theoretical reaction path calculations from Wetzel and 
Shock (2000) predict that peridotite–seawater interactions will generate hydrothermal 
ﬂuids with higher pH at low ﬂuid/rock ratios, although a low pH would also be plausible 
at higher ratios. It was recognized that pH lowering, however, is particularly sensitive to 
dissolved SiO
2
 concentrations. In ultramaﬁc systems dissolved SiO
2
 is limited (Allen and 
Seyfried Jr, 2005), suggesting that ﬂuids with low pH might be reacting with gabbroic 
intrusions, which are relatively common components of ultramaﬁc systems at MORs 
(Cannat et al., 1997).
Chondrite-normalized rare earth elements (REE) patterns of acidic hydrothermal 
ﬂuids from basalt-hosted systems are greatly enriched when compared with seawater, 
particularly in light REE (LREE) (Elderﬁeld and Greaves, 1982; Piepgras and Jacob-
sen, 1992), and also exhibit positive Eu anomalies (e.g. Michard and Albarède, 1986; 
Campbell et al., 1988; Michard, 1989; Klinkhammer et al., 1995; Douville et al., 1999). 
In ultramaﬁc-hosted systems, concentrations and REE patterns are also comparable to 
those of basalt-hosted system. Following Allen and Seyfried Jr (2005), interaction of 
hydrothermal ﬂuids with gabbros presents the possibility of plagioclase control on REE 
partitioning. For Rainbow, for example, chondrite-normalized REE patterns present a 
strong LREE enrichment and the typical Eu positive anomaly, indicative of basalt–sea-
water interaction (Douville et al., 2002).
Elements such as Mn, CH
4
, H
2
 and 3He usually remain dissolved in the hydrothermal 
10
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plumes and their enrichment comparatively to the global seawater make these elements 
good tracers for detecting hydrothermal activity in the oceans through their measure-
ment on the water column. High CH
4
 and H
2
 concentrations, in particular, indicate the 
presence of solutions derived by the interaction of hydrothermal ﬂuids with ultramaﬁc 
rocks (Bougault et al., 1993; Charlou et al., 1998; Horita and Berndt, 1999).
Although a magmatic heat source is suggested for the majority of hydrothermal sys-
tems, the heat source for ultramaﬁc-hosted hydrothermal systems is often directly linked 
to the exothermic reactions of serpentinization (Fyfe, 1974; Kelley et al., 2001; Bach et 
al., 2002; Lowell and Rona, 2002; Schroeder et al., 2002). However, some studies argue 
that exothermic serpentinization reactions are insufﬁcient to derive the required heat that 
drives high-temperature ultramaﬁc systems and suggest other heat sources, in particular 
gabbroic intrusions, as complementary to serpentinization reactions in these systems 
(Lowell and Rona, 2002; Allen and Seyfried Jr., 2004). In fact, model calculations per-
formed by Lowell and Rona (2002) to quantify the effect of the serpentinization reac-
tions on hydrothermal activity, indicate that exothermic reactions of serpentinization 
process are likely to result in hydrothermal temperatures ranging from a few to a few 
tens of degrees °C, while temperatures around 300°C in peridotite-hosted systems are 
only possible in conjunction with other factors such as additional heat sources, low ﬂuid 
ﬂow rate (≤10 kg/s), or high rate of serpentinization (≥100 kg/s). Thus, ultramaﬁc-hosted 
ﬁelds, as Rainbow and Logatchev, with high-temperature and high-ﬂow rates require 
additional magmatic heat to drive the system. By contrast, the low-temperature Lost 
City and Saldanha ﬁelds can be driven by the heat released by serpentinization reactions 
(Barriga et al., 1998; Kelley and Fruh-Green, 2001; Thurnherr and Richards, 2001; Bach 
et al., 2002; Douville et al., 2002; Lowell and Rona, 2002; Schroeder et al., 2002; Allen 
and Seyfried Jr., 2004).
I.1.3. Dynamics of hydrothermal plumes and effects in sediment geochemistry
Hydrothermal plumes are produced when ﬂuids exit from the vents. They are rapidly 
diluted in the background seawater by a factor of 104 before reaching density equilibrium 
within the water column (Lupton, 1995). Initially, the plume has positive buoyancy rela-
tively to seawater and thus ascends from the seaﬂoor. Once the plume reaches density 
equilibrium attains neutral buoyancy and begins to spread out laterally, away from the 
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vent sites, driven by deep-sea currents (Lupton, 1995). This is the main process respon-
sible for the dispersion of hydrothermal particles far from the vents and most chemical 
elements in the plumes derived from the hydrothermal ﬂuids precipitate away from the 
venting area (Rona, 1984).
Instantaneously with the mixing of the reduced, acid and high-temperature ﬂuid with 
the oxidized, more alkaline and cold seawater, chloride complexes decompose and metal 
ions combine with S to form Cu, Zn, Pb and Fe sulphides (Dymond and Roth, 1988; 
Khripounoff and Alberic, 1991). These sulphide phases will build up on the seaﬂoor 
without signiﬁcant interaction with seawater, and are then subject to seaﬂoor weather-
ing that leads to U enrichment on their surfaces (Mills et al., 1994) and to mass wasting 
and transport to sediments (Mills et al., 1993). With the sharp gradient in temperature, 
Eh and pH conditions, the chemical evolution of the ﬂuid continues while the plume is 
spreading out of the vents. Most of Fe and Mn remain in solution and will precipitate as 
oxyhydroxides far from the vents (Klinkhammer and Hudson, 1986; Trocine and Trefry, 
1988; Mottl and Mcconachy, 1990; Lilley et al., 1995; German and Von Damm, 2003). 
However, Fe and Mn are differentiated during precipitation from hydrothermal solutions 
due to their different redox potentials. According to Krauskopt (1957), Fe is less soluble 
and more easily oxidized than Mn under any naturally occurring pH-Eh conditions, 
leading to the precipitation of Fe before Mn from a solution containing both metals. Iron 
oxides tend to precipitate closer to the vent area and the spatial separation of the sus-
pended Fe and Mn in plumes is reﬂected in the Fe and Mn distribution in the sediments, 
with the Mn/Fe ratios increasing with the distance to the source (e.g. Dymond and Roth, 
1988; Feely et al., 1992; Baker et al., 1995; German et al., 1999).
Hydrothermal ﬂuids are not particularly enriched in oxyanions such as P, V, As, Mo 
or U, but these elements are largely removed from seawater during plume dispersal to 
co-precipitate with oxyhydroxides in the sediments. They represent the major source of 
elements that are uptake from seawater to form the oxyhydroxides (Trocine and Trefry, 
1988; Trefry and Metz, 1989; Feely et al., 1991; German et al., 1991; Feely et al., 1998; 
Schaller et al., 2000). 
The initial REE pattern of the hydrothermal ﬂuid is also continuously modiﬁed dur-
ing the dispersal of the hydrothermal plume by scavenging of REE from seawater. The 
REE patterns from plumes become overprinted by those of seawater and will be re-
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corded in the patterns of the oxyhydroxides when they are formed (Dymond et al., 1973; 
Ruhlin and Owen, 1986; Olivarez and Owen, 1989; Edmonds and German, 2004). Con-
sequently, sediments formed by sulphide and sulphate minerals, which are rapidly de-
posited in the near ﬁeld environments without contact with large volumes of seawater, 
are characterized by vent ﬂuid-like REE patterns. Contrarily, sediments precipitated far 
from the vents contain seawater-like REE patterns and much higher REE/Fe ratios when 
compared to the initial hydrothermal plume (e.g. Barrett and Jarvis, 1988; Olivarez and 
Owen, 1989; German et al., 1993; Mills et al., 1993; Mills and Elderﬁeld, 1995). Moreo-
ver, the Fe-Mn oxyhydroxide phases that precipitates in the sediment uptakes REE from 
seawater continuously, even after deposition (Dymond et al., 1973; Ruhlin and Owen, 
1986; Olivarez and Owen, 1989; Edmonds and German, 2004).
I.1.4. Deep-sea hydrothermal sediments
Deep-sea hydrothermal sediments record modern and/or ancient hydrothermal activ-
ity. In general, these sediments are formed by a mixture of metal bearing matter from 
hydrothermal sources with background sediment components.
The ﬁrst documentation on the occurrence of metal-rich sediments in the deep-sea 
ocean is dated from the end of the ninetieth century from samples collected in the north 
eastern equatorial Paciﬁc by Murray and Renard (1891). After this pioneer study, a great 
number of similar deposits, mainly from the Paciﬁc and Atlantic ridges, have been de-
scribed. Sediments associated to hydrothermal processes at MORs have been studied 
more intensively since the 60’s (Bonatti and Joensuu, 1966; Boström and Peterson, 1966; 
Bischoff, 1969; Boström and Peterson, 1969; Boström, 1970). The association of metal-
rich sediments to hydrothermal activity appears in studies by Böstrom and Peterson 
(1966), who describe sediments abnormally rich in Fe, Mn, Cu, Cr, Ni and Pb on the 
East Paciﬁc Rise. 
The distinction of metalliferous and non-metalliferous hydrothermal sediments is not 
sharp, and in reality a continuous exists between highly concentrated sediment deposits, 
consisting of nearly 100% hydrothermally-derived components, and sediments where 
the hydrothermal component is negligible. Because absolute contents of elements can-
not be used for the recognition of metalliferous sediments as they are always more or 
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less diluted with other deep-sea sediments, ratios of different hydrothermally-derived 
elements relative to non-hydrothermal elements have been applied to try to discrimi-
nate metalliferous from non-metalliferous sediments (e.g. Bonatti et al., 1972; Boström, 
1973; Bonatti et al., 1975; Dymond et al., 1976; Bischoff and Rosenbauer, 1977; Bonatti, 
1981; Marchig et al., 1982). Boström (1973) recognised that hydrothermal sediments are 
concentrated along all the word’s ridge crests by using the (Al+Fe+Mn)/Al ratio (Figure 
I.4). This ratio is based on the assumption of metal-enrichment derived from hydrother-
mal ﬂuids relative to Al, an element that is relatively immobile in MOR hydrothermal 
systems, and allows to delineate the effective Fe and Mn enrichments along the ocean 
ridges. This author also used that ratio versus Fe/Ti to undercover the degree of mixing 
between hydrothermal sediments and terrigenous matter or basaltic debris.
For Bonatti (1981) metalliferous sediments are “concentrated” deposits when hy-
drothermal-derived metals are largely concentrated and show an Al/(Al+Fe+Mn) ratio 
(modiﬁed from Boström, 1973) inferior to 0.1. Non-metalliferous sediments, on the other 
Figure I.4. Global map of (Al+Fe+Mn)/Al ratios for surface marine sediments. High ratios mimic the 
trend of global MOR axis and low ratios represent background and pelagic sedimentation (from Boström, 
1973).
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hand, are “diluted” deposits where hydrothermal components are overprinted by ter-
rigenous, biogenic or altigenic sedimentary material, presenting Al/(Al+Fe+Mn) ratios 
between 0.1 and 0.4. Ratios above 0.4 are considered “normal” deep-sea sediments with 
negligible hydrothermal constituents (Bonatti, 1981). 
In spite of these attempts to distinguish metalliferous from non-metalliferous sedi-
ments using different geochemical approaches, the frontiers between the two terms re-
main very diffuse, up to today.
There are three non-mutually exclusive processes to explain hydrothermal sediment 
formation at MORs:
1. Plume fallout (Heath and Dymond, 1977; Barrett and Friedrichsen, 1982; Barrett et 
al., 1987; German et al., 1993; Mills et al., 1993; Metz and Trefry, 1998), where particles 
derived from the hydrothermal plumes precipitate and fall by gravity to the seaﬂoor. 
This process is responsible for the dispersion of hydrothermally-derived particles in sea-
ﬂoor sediments, being this component obviously more diluted further from its source;
2. Near-ﬁeld slumping and mass-wasting of sulphide mound debris and oxidative 
degradation of hydrothermal structures (German et al., 1993; Mills et al., 1993; Metz 
and Trefry, 1998);
3. Direct precipitation from ﬂuids in the subseaﬂoor (Toth, 1980; McMurtry et al., 
1983; Alt, 1988; Mills et al., 1996). Minerals precipitate from hydrothermal ﬂuids with 
minor interaction with seawater and this is reﬂected in the sediments’ geochemical signa-
ture, more similar to those of hydrothermal ﬂuid end-members. This component is more 
pronounced in low-temperature and diffuse ﬂow ﬁelds. When hydrothermal minerals 
precipitate at the subsurface geochemical signatures along the sediment column may 
show a chemical gradient due to changes experienced by the ﬂuid along its pathway. 
The discrimination between these processes is often difﬁcult. Moreover, hydrother-
mal sediments are usually diluted in the background deep-sea fraction and may also con-
tain other components such as lithogenic detritus and hydrogenetic phases. Nevertheless, 
identifying the three different hydrothermal sources is possible by using a combination 
of petrographic and geochemical analyses, with rare-earth elements (REE) and isotopic 
data being most useful in this respect.
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Relevance of the study of hydrothermal sediments
The study of hydrothermal sediments has been extremely valuable in different as-
pects:
1. hydrothermal sediments record not only hydrothermal events but also the intensity 
and the chemical and temporal variations of hydrothermal activity and of the associated 
mineral deposition. Their study thus provides important insights on the dynamics of 
hydrothermal systems; 
2. hydrothermal sediments form halos of dispersion around hydrothermal sources 
and the study of their spatial distribution is useful both to conﬁne hydrothermal activity 
and to predict the position of hydrothermal ﬁelds. For the same reason, the study of hy-
drothermal minerals may be useful while prospecting for hydrothermal mineral deposits 
in the oceans as well as for the understanding of ancient mineral deposits on land;
3. hydrothermal Fe-Cu-Zn sulphides, as well as Mn-Fe oxyhydroxides, may have eco-
nomic signiﬁcance. Characterizing active processes of formation and understanding the 
modes of occurrence of these minerals in the modern ocean are necessary for assessing 
their potential economic importance and for guiding exploration of similar deposits in 
older geologic terrains.
I.2. Aims of the study
The ultimate objective of this study is to contribute for the understanding of the 
Saldanha and Lucky Strike hydrothermal systems. For this, hydrothermal sediments 
from these ﬁelds were studied as they contain information on the hydrothermal sources 
and on the dynamics of hydrothermal circulation of these hydrothermal systems. Be-
cause sediments are important reservoirs of minerals that precipitate from hydrothermal 
ﬂuids that percolated through the underling hosted rocks, integrating sediment with hy-
drothermal ﬂuid and rock geochemistry may provide insights on the interaction taking 
place between rocks, ﬂuids and sediments. Saldanha site was recently discovered and 
information on ﬂuid and rock geochemistry was lacking. Thus, besides sediment analy-
ses, selected rock samples representative of the Saldanha lithologies were also studied. 
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Lucky Strike has been studied in much greater detail and previous published data on 
rock and ﬂuid geochemistry was integrated in the analyses. Along the work the studied 
sediments were extensively compared with other already described MOR hydrothermal 
sediments.
More speciﬁcally, the aims of this study were:
1. to investigate the formation of metalliferous sediments and characterize the min-
eralogy and geochemistry of the different hydrothermal mineral phases at Saldanha and 
Lucky Strike sediments;
2. to use REE and isotopic data as geochemical proxies of hydrothermal processes 
in order to determine the mode of formation of the sediments and their different hydro-
thermal sources;
3. to understand the origin of ﬂuids responsible for mineral precipitation in sediments 
and constrain ﬂuid mixing processes using REE and isotopic data;
4. to use geochemical data to infer, with some limitations, the Saldanha heat sources 
and history of hydrothermal activity.
The results of this study culminated in four scientiﬁc articles, published or submitted 
for publication to international journals, which are integrated in sections III, IV, V and 
VI. 
Section II provides an introduction to the geological setting of the two sites and de-
scribes the general sampling methods.
Section III describes the general mineralogy and bulk chemical composition of 
Saldanha sediments collected during the Saldanha’98 mission.
Section IV characterizes the geochemical and stable isotopes contents in Saldanha 
sediments collected in the later Seahma and CD167 cruises. The study focuses in one 
core that revealed, for the ﬁrst time, evidences for high-temperature circulation at the 
system and also suggested the existence of a maﬁc signature for the mineralization at 
Saldanha.
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Section V describes the general mineralogy and bulk geochemical composition of 
Lucky Strike sediments. Radiogenic isotopic analyses (Pb and Nd) on sediments were 
conducted and compared with published data on local basalts and ﬂuids in order to char-
acterize the interaction taking place between local rocks, ﬂuids and sediments.
Section VI focuses on the REE and radiogenic isotopic composition (Pb and Nd) of 
Saldanha sediments and local rocks. This section presents the ﬁrst Pb and Nd isotopic 
data recorded for this site. These data allowed determining the source of these elements 
both in sediments and rocks.
Section VII summarises the main conclusions of the study and points future research 
lines that should be pursued in order to address questions that remained unanswered in 
this work. 
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II.1. Geological setting
The Lucky Strike and Saldanha hydrothermal ﬁelds are located in a Mid-Atlantic 
Ridge (MAR) section, between 35°N and 40°N, south of the Azores (Fig. II.1). This sec-
tion is designated by the MoMAR area(1) and includes three high-temperature hydrother-
mal sites, Menez Gwen (Fouquet et al., 1995), Lucky Strike (Langmuir, 1992; Langmuir, 
1993) and Rainbow (German et al., 1996; Fouquet et al., 1997), one low-temperature 
site, Saldanha (Barriga et al., 1998), and another site inferred by the presence of a large 
methane anomaly in the water-column, Menez Hom (Fouquet and Party, 2001). This 
ridge section is segmented by three large discontinuities, the Kurchatov Fracture Zone 
(1) This acronym was given by a multidisciplinary project with the same name, MoMAR (“Monitoring 
the Mid-Atlantic Ridge”, www.ipgp.jussieu.fr/rech/lgm/MOMAR), that has been monitoring this slow-
spreading ridge section. This project was initiated by members of the “International Cooperation in 
Ridge-Crest Studies” (www.interridge.org), established to study active oceanic spreading centers.
Figure II.1. (A) General and (B) more detailed location of the hydrothermal sites included in the MoMAR 
region. ATP: Azores Triple Point; OPZ, PFZ and KFZ: Oceanographer, Pico and Kurchatov Fracture 
Zone, respectively.
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(KFZ: 40ºN), the Pico Fracture Zone (PFZ: 38ºN) and the Oceanographer Fracture Zone 
(OFZ: 35ºN) (Detrick et al., 1995). Lucky Strike and Saldanha hydrothermal ﬁelds are 
located between the PFZ and the OFZ in an area composed of six second order segments 
(PO1-PO6), separated by left lateral non-transform offsets (NTO) related with ultramaﬁc 
outcrops (Parson et al., 2000). Lucky Strike is located in the PO1 and Saldanha is an off-
axis site located at NTO5 (Fig. II.1).
The Azores plateau elevation produces an anomalously elevated bathymetry along 
the MAR axis which can be recognised from the systematic swallowing of the ridge 
axis towards the triple junction (Detrick et al., 1995). In Figure II.1 a gradual elevated 
bathymetry towards the triple junction is observed and as a consequence Saldanha ﬁeld 
is located deeper than Lucky Strike. This bathymetry variation correlates with a geo-
chemical heterogeneity, suggestive of mantle upwelling beneath the Azores, and consist-
ent with a hotspot origin (Schilling, 1975). Basalts from this part of the ridge show the 
existence of two distinct mantle sources, one impoverished in incompatible elements 
that generates the typical N-MORB (Normal-Mid Ocean Ridge Basalts), and the oth-
er enriched in these elements (E-MORB) and related with the Azores mantle plume. 
These sources are spatially separated by a mixed transition region, with the northern-
most part of this ridge area having a stronger presence of E-MORB. The ﬁrst evidence 
for this heterogeneity was reported by Schilling (1975) using REE geochemistry. Based 
on chondrite-normalized La/Sm ratios of basalts, the MAR was separated into different 
geochemical signatures: (1) the MAR region that crosses the Azores platform has the 
highest (La/Sm)
N
 ratio (2-3); (2) the area between 34ºN and 38ºN is characterized by a 
constant northwest enrichment in this ratio and (3) south of 34ºN basalts have typical 
signatures of N-MORB, with low (<1) and relatively constant (La/Sm)
N
 ratios (Schill-
ing, 1975) (Fig. II.2). Further studies on the radiogenic (Pb, Nd and Sr) composition of 
basalts from MAR collected between 31ºN and 41ºN corroborate these ﬁndings, showing 
isotopic signatures typical from N-MORBs south of 34ºN and a smooth and progressive 
northwest variation above this latitude, as a consequence of the inﬂuence of radiogenic 
isotopic ratios derived from the Azores mantle plume (White et al., 1976; Langmuir et 
al., 1977; Langmuir et al., 1992; leRoex et al., 1996; Dosso et al., 1999; Debaille et al., 
2006; Ferreira, 2006).
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II.1.1. Saldanha hydrothermal ﬁeld
Saldanha site was discovered in 1998 during the Saldanha cruise (Barriga et al., 
1998). The envisage of the mission was, besides increasing the knowledge on the known 
hydrothermal systems from south of the Azores, to research the large methane anomaly 
detected in the water column above NTO5 during FAZAR and HEAT missions (Klink-
hammer et al., 1992; Langmuir, 1992; Charlou and Donval, 1993; German et al., 1994; 
Charlou et al., 1997; German and FLAME, 1997; Bougault et al., 1998). Following this 
evidence, the Saldanha site was discovered at 36°34’N; 33°26’W. Direct observations 
with a submersible revealed active diffuse hydrothermal venting on the seaﬂoor, con-
sisting of a transparent ﬂuid discharging through centimetric holes, and the absence 
Figure II.2. (La/Sm)
N
, 87Sr/86Sr, 143Nd/144Nd and 206Pb/204Pb ratios of ridge axis basalt samples as a func-
tion of latitude. From north to south, KFZ, PFZ and OFZ stand for Kurchatov, Pico and Oceanographer 
Fracture Zone. Note the general decrease of the (La/Sm)
N
, 87Sr/86Sr and 206Pb/204Pb ratios and the increase 
in the 143Nd/144Nd ratio, south of the Azores Triple Junction (ATJ), with a steeper gradient north of the 
ATJ (adapted from Dosso et al., 1999).
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of chimney-like structures (Fig. II.3). Maximum temperatures measured with a Victor 
ROV probe registred 9ºC. 
This site was revisited in 2002 during the Seahma cruise (Barriga et al., 2003) where 
extensive sampling of rocks, sediments, ﬂuids and biological specimens was performed. 
In 2004, the site was again visited during the CD167 cruise (Sinha et al., 2005; Sinha et 
al., 2006) that consisted mainly in an electromagnetic (CSEM) survey of the subseaﬂoor 
to characterize electrical resistivity and bathymetry proﬁles and magnetic anomalies 
over a 10km2 area centred on the Saldanha massif. Additionally, gravity coring and drag-
ging were also performed. 
In spite of the reported survey and sampling, published data for Saldanha are limited 
and focused on its discovery (Barriga et al., 1998), geophysical analysis (Gràcia et al., 
2000; Miranda et al., 2003; Sinha et al., 2005), petrology (Ribeiro da Costa et al., 2008; 
Ribeiro da Costa et al., in prep) and biological communities (Desbruyeres et al., 2000; 
Kadar et al., 2005; Biscoito et al., 2006).
The Saldanha is a serpentinite-hosted hydrothermal ﬁeld characterized by irregularly 
faulted massifs detached from their segments ﬂanks (Grindlay et al., 1991; Gràcia et al., 
2000). In this area, gravity anomalies suggest a very thin crustal thickness (Detrick et 
al., 1995; Cannat et al., 1999) and the exposure of ultramaﬁc rocks are located at areas 
where maximum extension occurs, i.e., along the domain linking adjacent spreading 
centres, as suggested by Gràcia et al. (2000) for similar MAR settings (Figure II.4). 
Saldanha mount is a 100m high semi-circular dome slightly elongated in the NNE-SSW 
direction and located between 2200-2300m deep. The hydrothermal ﬁeld is located at the 
top of the Saldanha mount and in situ observations revealed that hydrothermal vents are 
scarce and disseminated along the ocean ﬂoor over the mount area (Figure II.3). Its east-
ern ﬂank extends towards the FAMOUS spreading segment to a water depth of 3200m. 
At the top of Saldanha mount ultramaﬁc, volcanic and gabbroic rock outcrops occurs, 
presenting in most cases fragile deformation and hydrothermal alteration (Costa, 2001) 
and forming an heterogeneous tectonic melange among the sediment cover (Barriga et 
al., 1998), most probably related with tectonic accidents of this NTO setting. 
A series of low amplitude steps and ridges clearly deﬁne the dome and seem to be 
conﬁned to the area where serpentinized mantle outcrops (Miranda et al., 2003). The 
34
II. Geological setting and sampling
exposure of ultramaﬁc rocks at NTOs from MAR has been suggested to be favoured by 
low magmatic supply, relatively thin crust and low angle detachment faulting (Cannat et 
al., 1995; Detrick et al., 1995; Gràcia et al., 2000). The hydrothermal activity is thought 
to be associated with the pervasive faulting at the NTOs that favours ﬂuid circulation 
(Gràcia et al., 2000; Parson et al., 2000; McCaig et al., 2007).
II.1.2. Lucky Strike hydrothermal ﬁeld
Lucky Strike was discovered at 37º17’N, 32º17’W in 1992 during dredging opera-
tions in the FAZAR cruise (Langmuir et al., 1997). A lucky dredge sampled an active 
hydrothermal ﬁeld area, collecting sulphide deposits and hydrothermal vent communi-
ties. A great contribution to the increasing geological and geochemical knowledge of this 
site has been obtained after other research programs such as MRFLUX, AMORES, and 
SEAHMA where a combination of sampling and surveying methods were used, includ-
ing Nautile and Alvin submersibles and ROVs.
Nowadays, there is a considerable number of publications about Lucky Strike ﬁeld 
Figure II.4. (a) Representation of a non-transform offset (NTO) of the MAR, south of the Azores. Solid 
black lines: ridge axis; thick arrows: spreading direction; dark-grey rectangle: discontinuity area; light-
gray areas: NTOs massif. A-A’: location of the cross-section shown in ﬁgure b; (b) interpretative geo-
logical model across an NTO. Gabbros and serpentinized peridotites crop out at the dome-like massifs 
located at the centre of the discontinuities. Low-angle detachment faults may exhume lower crustal and 
upper mantle rocks at the centre of NTOs. Methane results from serpentinization of ultramaﬁc rocks and 
high concentrations are found widespread over the massifs. The pervasive ﬁssuring and faulting at the 
NTOs enables focussing of hydrothermal activity (from Gràcia et al., 2000).
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focusing on its discovery, geology, cartography and main characteristics of the hydro-
thermal vents (e.g. Langmuir, 1993; Langmuir et al., 1993; Fouquet et al., 1994; Fouquet 
et al., 1995; Costa et al., 1997; Lourenço, 1997; Humphris et al., 2002; Rouxel et al., 
2004; Ferreira, 2006; Singh et al., 2006), ﬂuids geochemistry (e.g. Klinkhammer et al., 
1995; Langmuir et al., 1997; Von Damm et al., 1998; Douville et al., 1999; Charlou et 
al., 2000; Cooper et al., 2000) and biologic communities (e.g. Desbruyeres and Laubier, 
1996; Saldanha et al., 1996; Desbruyeres et al., 2001; Colaço et al., 2006; Kadar et al., 
2006; Plouviez et al., 2008). 
The ﬁeld is located at the PO1 segment which is 65Km long. The axial depth varies 
between 3000m at the segment extremities and 1500m at the segment centre. The most 
dominant feature of the Lucky Strike segment is a prominent seamount in the centre of 
the rift valley. The seamount consists of three cones rising 150m above a central depres-
sion where a large central lava-lake of 300m in diameter is located (Fouquet et al., 1995). 
Hydrothermal activity at Lucky Strike surrounds the lava lake (Figure II.5) and is char-
acterized by active and inactive vents, ﬂanges and diffuse activity (Fouquet et al., 1995; 
Langmuir et al., 1997; Cooper et al., 2000; Humphris et al., 2002; Barriga et al., 2003). A 
magmatic heat source for this hydrothermal system was conﬁrmed by the discovery of a 
magma chamber (Singh et al., 2006) (Figure II.6).
Figure II.6. Three-dimensional schematic view of the Axial Magma Chamber (AMC) and faults at Lucky 
Strike. Layer 2A, beneath the Lucky Strike seamount, is about 1km thick and a large AMC is present (up 
to 7km long and 4km wide). The median valley faults seem to continue down to and possibly beneath 
the AMC. The graben bounding faults terminate above the AMC in dykes and layer 2A (from Singh et 
al., 2006). 
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A comparative table summarizing the main features from the Saldanha and Lucky 
Strike sites known before the present study is presented (Table II.1).
Table II.1. Summary table of the main features of Saldanha and Lucky Strike hydrothermal sites before 
this study.
Location and crus-
tal thickness
Outcropping 
rocks
Hydrothermal 
discharge
Fluids temperature 
/ Heat source
Deposits
L
uc
ky
 S
tr
ik
e
PO1(1): 37°17’N; 
32°17’W
Depth: 1800-2100m
Located on top of 
three neovolcanic 
ediﬁces, surround-
ing a lava lake(2)
Crustal thickness 
along the segment: 
9 km(3).
Basalts (3) Mainly focused, 
characterized by 
active and inac-
tive vents (black 
and white smok-
ers), ﬂanges and 
diffuse activity 
(2,7)
333°C (maximum 
temperature  meas-
ured directly in the 
vents)(2)
Magmatic heat. 
Axial Magma 
Chamber (AMC) 
was found beneath 
the ﬁeld(8)
Type A: Cu-rich 
precipitated from 
high-T black smok-
ers (chalcopyrite, 
sphalerite and 
pyrite/marcasite 
and anhydrite);
Type B: Fe–Ba-
rich formed by 
low-T vents (Fe 
sulphides and 
barite);
Type C: Ba–Zn-
rich formed by 
180°-220 °C vent 
ﬂuids (barite and 
sphalerite)(9)
Sa
ld
an
ha
NTO5(1): 36º34’N; 
33º26’W,
Depth: 2200-2300 
m
Located on top of 
a mount (Mount 
Saldanha)(5)
Low magmatic 
supply and relative-
ly thin crust (1,10)
Ultramaﬁc rocks 
(serpentinites 
and steatites), 
gabbros and 
basalts (5,6)
Mainly dif-
fuse ﬂow, ﬂuids 
discharge from 
small oriﬁces in 
the sediment.
9ºC (maximum 
temperature  meas-
ured directly in the 
vents) (5)
Heat probably relat-
ed with exothermic 
reactions driven by 
serpentinization 
reactions(5)
Unknown
(1) (Detrick et al., 1995); (2) (Fouquet et al., 1995); (3) (Detrick et al., 1995); (4) (Langmuir et al., 1993; 
Ferreira, 2006); (5) (Barriga et al., 1998); (6) (Costa, 2001; Ribeiro da Costa, 2005; Ribeiro da Costa et 
al., 2008); (7) (Von Damm et al., 1998; Humphris et al., 2002); (8) (Singh et al., 2006); (9) (Rouxel et al., 
2004); and (10) (Cannat et al., 1995; Gràcia et al., 2000).
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II.2. General sampling
As part of the AMORES (Azores Mid-Oceanic Ridge Ecosystem Studies: MAS3-
CT95-0040-EU-MAST III) and SEAHMA (Seaﬂoor and sub-seaﬂoor hydrothermal 
modelling in Azores sea: FCT - PDCTM/P/MAR/15281/1991) projects four scientiﬁc 
cruises were carried out: Flores (Nadir vessel in 1996, Fouquet et al., 1998), Saldanha 
(Nadir vessel in 1998, Barriga et al., 1998), Seahma (Atalante vessel in 2001, Barriga et 
al., 2003) and CD167 (Charles Darwin vessel in 2004, Sinha et al., 2006) cruises. The 
sediment and rock samples used in this work were collected during these four missions.
Sediment samples were collected using Nautile submersible and Victor 6000 ROV 
push cores during the Saldanha’98 and Seahma’02 cruises, respectively, and gravity 
cores during the CD167’04 cruise. Rock samples were collected using Nautile manipula-
tor arms during the Flores’96 and Saldanha’98 cruises. The location and sampling meth-
ods for the sediment and rock samples used in this work are listed in Table II.2 and  II.3, 
respectively. Underwater images from the two sites, including images of the sampling 
procedures, are presented in Figure II.7 (Saldanha) and II.8 (Lucky Strike).  
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Table II.2. Location and sampling methods for the sediment samples used in this study.
Sediment 
samples
Site Cruise Sampling method
Latitude 
(°N)
Longitude 
(°W)
Depth 
(m)
SF1 Saldanha Saldanha’98 Nautile “push” core 36°32.10 33°27.34 2498
SF2 Saldanha Saldanha’98 Nautile “push” core 36°32.40 33°27.45 2456
SF3 Saldanha Saldanha’98 Nautile “push” core 36°33.38 33°25.37 2415
SF4 Saldanha Saldanha’98 Nautile “push” core 36°33.42 33°25.93 2258
SF5 Saldanha Saldanha’98 Nautile “push” core 36°31.83 33°24.42 2740
SF6 Saldanha Saldanha’98 Nautile “push” core 36°32.66 33°25.30 2563
SF7 Saldanha Saldanha’98 Nautile “push” core 36°33.08 33°25.48 2428
SF8 Saldanha Saldanha’98 Nautile “push” core 36°33.08 33°25.46 2428
SF9 Saldanha Saldanha’98 Nautile “push” core 36°33.43 33°25.92 2256
SF10 Saldanha Saldanha’98 Nautile “push” core 36°33.89 33°25.95 2198
SF11 Saldanha Saldanha’98 Nautile “push” core 36°33.56 33°26.10 2230
SF12 Saldanha Saldanha’98 Nautile “push” core 36°33.90 33°25.57 NR
SF13 Saldanha Saldanha’98 Nautile “push” core 36°33.91 33°25.89 2200
SF14 Saldanha Saldanha’98 Nautile “push” core 36°33.41 33°26.15 2250
SR1 Rainbow Saldanha’98 Nautile “push” core NR NR NR
SR2 Rainbow Saldanha’98 Nautile “push” core 36°13.44 33°54.12 NR
SR3 Rainbow Saldanha’98 Nautile “push” core NR NR NR
SR5 Rainbow Saldanha’98 Nautile “push” core 36°13.49 33°54.04 2270
SH86 Saldanha Seahma’02 ROV “push” core 36°35.06 33°25.58 2338
SH92 Saldanha Seahma’02 ROV “push” core 36°35.25 33°26.68 2125
SH118T Saldanha Seahma’02 ROV spade 36°33.92 33°25.87 2214
SH119 Saldanha Seahma’02 ROV “push” core 36°33.91 33°25.89 2213
SH49 Saldanha Seahma’02 ROV “push” core 36°33.89 33°25.85 2221
SH63 Saldanha Seahma’02 ROV “push” core 36°33.91 33°25.88 2677
L151 Lucky Strike Seahma’02 ROV “push” core 32°16.58 37°17.428 1691
SCD2 Saldanha CD167’04 Gravity core 36°34.65 33°25.48 2350
SDC3 Saldanha CD167’04 Gravity core 36°34.33 33°26.60 2248
SCD7 Saldanha CD167’04 Gravity core 36°33.91 33°25.86 2198
SCD8 Saldanha CD167’04 Gravity core 36°30.51 33°29.77 2300
NR: not registered due to Nautile navigation problems, the location was inferred from the dive paths.
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Table II.3. Location and sampling methods for the rock samples used in this study.
Rock  
samples
Site Cruise Sampling method
Latitude 
(ºN)
Longitude 
(ºW)
Depth 
(m)
Basalts
SAL-06-08 Saldanha Saldanha’98 Nautile manipulator arms 36º33.80 33º26.00 2223
SAL-09-15 Saldanha Saldanha’98 Nautile manipulator arms 36º33.07 33º25.44 2421
Metabasalts
FL-12-12 Saldanha Flores’96 Nautile manipulator arms 36º3400 33º25.76 2217
FL-12-14 Saldanha Flores’96 Nautile manipulator arms 36º33.57 33º26.20 2232
Metagabbros
SAL-06-09 Saldanha Saldanha’98 Nautile manipulator arms 36º33.88 33º26.04 2220
SAL-06-10 Saldanha Saldanha’98 Nautile manipulator arms 36º33.92 33º26.10 2205
Serpentinites
FL-12-11 Saldanha Flores’96 Nautile manipulator arms 36º34.00 33º25.67 2247
FL-06-06 Saldanha Flores’96 Nautile manipulator arms 36º33.54 33º26.34 2225
Talc-bearing serpentinites (steatites)
SAL-10-01 Saldanha Saldanha’98 Nautile manipulator arms 36º34.20 33º25.95 2359
SAL-10-04 Saldanha Saldanha’98 Nautile manipulator arms 36º34.11 33º25.80 2285
Figure II.7. Images from Saldanha hydrothermal ﬁeld taken by Victor ROV cameras during the Se-
hama’02 cruise. (a, b, c) aspect of the vent oriﬁces at the sediment cover; (d) dispersed venting oriﬁces; 
(e) tectonic melange among the sediment cover; (f) core sampling of hydrothermal sediments in the vent 
oriﬁce; (g) rock sampling at the top of the mount; (h) sampling of sediment and oxyhydroxides crust us-
ing a spade manoeuvred by the manipulator arm of the ROV.
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Figure II.8. Images from Lucky Strike hydrothermal ﬁeld taken by Victor ROV cameras during the 
Seahma’02 cruise: (a) ﬂange  structure covered with mussels, which exhibits a concave-down form and 
where diffusely ﬂowing ﬂuids are leaking out; (b) ﬂange where a buoyant pool makes a perfect mirror 
plane; (c)  top of the tallest (20m) vent from the site (Eiffel Tower, a black smoker) discharging high-tem-
perature hydrothermal ﬂuids; (d) inactive chimneys; (e, f) white smoker chimneys; (g) lava-lake basalts; 
(h) core sampling of hydrothermal sediments near an hydrothermal vent.
43
II. Geological setting and sampling
a b
c d
e f
g h

45
II. Geological setting and sampling
References
Barriga, F.J.A.S. et al., 2003. Seahma-1 Cruise Report Faculty of Sciences, University of 
Lisbon, Lisbon.
Barriga, F.J.A.S. et al., 1998. Discovery of the Saldanha hydrothermal ﬁeld on the FA-
MOUS segment of the MAR (36º 30’N). Eos, Transactions, American Geophysical 
Union, 79: F67.
Biscoito, M., Almeida, A.J. and Segonzac, M., 2006. Preliminary biological characteri-
zation of the Saldanha hydrothermal ﬁeld at the Mid-Atlantic Ridge (36º 34’ N, 32º 
26’ W, 2200 m). Cahiers de Biologie Marine, 47: 421-427.
Bougault, H. et al., 1998. FAMOUS and AMAR segment on the Mid-Atlantic Ridge: 
ubiquitous hydrothermal Mn, CH
4
, δ3He signals along the rift valley walls and rift 
offsets. Earth and Planetary Science Letters, 161: 1-17.
Cannat, M. et al., 1999. Mid-Atlantic Ridge-Azores hotspot interactions: along-axis mi-
gration of a hotspot-derived event of enhanced magmatism 10 to 3 Ma ago. Earth and 
Planetary Science Letters, 173: 257-269.
Cannat, M. et al., 1995. Thin crust, ultramaﬁc exposures, and rugged faulting patterns at 
Mid-Atlantic Ridge (22º - 24ºN). Geology, 23: 49-52.
Charlou, J.-L. et al., 1997. High methane ﬂux between 15ºN and the Azores Triple Junc-
tion, Mid-Atlantic ridge, hydrothermal and serpentinization processes. Eos, Transac-
tions, American Geophysical Union, 78.
Charlou, J.L. and Donval, J.P., 1993. Hydrothermal methane venting between 12ºN and 
26ºN along the Mid-Atlantic Ridge. Journal of Geophysical Research-Solid Earth, 
98: 9625-9642.
Charlou, J.L. et al., 2000. Compared geochemical signatures and the evolution of Menez 
Gwen (37°50’N) and Lucky Strike (37°17’N) hydrothermal ﬂuids, south of the Azores 
Triple Junction on the Mid-Atlantic Ridge. Chemical Geology, 171: 49-75.
Colaço, A. et al., 2006. Annual spawning of the hydrothermal vent mussel, Bathymodio-
lus azoricus, under controlled aquarium, conditions at atmospheric pressure. Journal 
of Experimental Marine Biology and Ecology, 333: 166-171.
Cooper, M.J., Elderﬁeld, H. and Schultz, A., 2000. Diffuse hydrothermal ﬂuids from 
Lucky Strike Hydrothermal Vent Field: Evidence for a shallow conductively-heated 
system. Journal of Geophysical Research, 105: 19369-19375.
Costa, I.M.A., Barriga, F.J.A.S. and Fouquet, Y., 1997. “Slabs” from Lucky Strike and 
Menez Gwen (Mid-Atlantic Ridge): Mineralogy and preliminary geochemistry. In: F. 
Barriga (Editor), Abstract with program SEG Neves Corvo Field Conference, Lisbon, 
pp. 27.
Costa, R., 2001. Estudo mineralógico e geoquímico da alteração hidrotermal das rochas 
vulcânicas e ultramáﬁcas serpentinizadas do Monte SALDANHA (RMA, Segmento 
FAMOUS /AMAR). MSc Thesis, Faculdade de Ciências da Universidade de Lisboa, 
Lisboa, 142 pp.
46
II. Geological setting and sampling
Debaille, V. et al., 2006. Geochemical component relationships in MORB from the Mid-
Atlantic Ridge, 22-35° N. Earth and Planetary Science Letters, 241: 844-862.
Desbruyeres, D. et al., 2000. A review of the distribution of hydrothermal vent commu-
nities along the northern Mid-Atlantic Ridge: dispersal vs. environmental controls. 
Hydrobiologia, 440: 201-216.
Desbruyeres, D. et al., 2001. Variations in deep-sea hydrothermal vent communities on 
the Mid-Atlantic Ridge near the Azores plateau. Deep-Sea Research Part I-Oceano-
graphic Research Papers, 48: 1325-1346.
Desbruyeres, D. and Laubier, L., 1996. A new genus and species of ampharetid polycha-
ete from deep-sea hydrothermal vent community in the Azores triple-junction area. 
Proceedings of the Biological Society of Washington, 109: 248-255.
Detrick, R.S., Needham, H.D. and Renard, V., 1995. Gravity anomalies and crustal 
thickness variation along Mid-Atlantic Ridge between 33ºN and 40ºN. Journal of 
Geophysical  Research, 100: 3767-3787.
Dosso, L. et al., 1999. The age and distribution of mantle heterogeneity along the Mid-
Atlantic Ridge (31º-41º N). Earth and Planetary Science Letters, 170: 269-286.
Douville, E. et al., 1999. Yttrium and rare earth elements in ﬂuids from various deep-sea 
hydrothermal systems. Geochimica et Cosmochimica Acta, 63: 627-643.
Ferreira, P.L., 2006. Melt supply and magmatic evolution at a large central MOR volcano 
located in the Lucky Strike segment, 37º N on the Mid-Atlantic Ridge, Azores region. 
PhD Thesis, University of Southampton, Southampton, 386 pp.
Fouquet, Y. et al., 1998. FLORES diving cruise with the Nautile near Azores - First dives 
on Rainbow ﬁeld: hydrothermal seawater/mantle interaction. Inter Ridge News, 7: 
1998.
Fouquet, Y. et al., 1997. Discovery and ﬁrst submergible investigations on the Rainbow 
hydrothermal ﬁeld on the MAR (36º 14N). Eos, Transactions, American Geophysical 
Union, 78.
Fouquet, Y. et al., 1994. A detailed study of the Lucky Strike hydrothermal site and dis-
covery of a new hydrothermal site: Menez Gwen; preliminary results of the DIVA 1 
cruise. InterRidge News, 3: 14-17.
Fouquet, Y. et al., 1995. Atlantic lava lakes and hot vents. Nature, 377: 201.
Fouquet, Y. and Party, I.S., 2001. IRIS Cruise Report, IFREMER, Brest.
German, C.E., Parson, L.M. and Party, R.S., 1994. Charles Darwin cruise CD89, HEAT, 
hydrothermal exploration at the Azores Triple-Junction. Eos, Transactions, American 
Geophysical Union, 75: 308.
German, C.R. and FLAME, F.S.P., 1997. The Fluxes at AMAR Experiment (AMORES). 
Eos Transactions American Geophysical Union, 78 (46): p F831.
German, C.R., Klinkhamme, G.P. and Rudnicki, M., 1996. The Rainbow hydrothermal 
plume, 36° 15’N, MAR Geophysical Research Letters, 23: 2979-2982.
Gràcia, E., Charlou, J.-L., Radford-Knoery, J. and Parson, L., 2000. Non-transform off-
47
II. Geological setting and sampling
set along the Mid-Atlantic ridge south of the Azores (38ºN-34ºN): ultramaﬁc expo-
sures and hosting of hydrothermal vents. Earth and Planetary Science Letters, 177: 
89-103.
Grindlay, N.R., Fox, P.J. and Macdonald, K.C., 1991. Second-order ridge axis disconti-
nuities in the south Atlantic: morphology, structure and evolution. Marine Geophysi-
cal Research, 15: 153-200.
Humphris, S.E., Fornari, D., Scheirer, D.S., German, C.R. and Parson, L., 2002. Geo-
tectonic setting of hydrothermal activity on the summit of Lucky Strike Seamount 
(37º17’N, Mid-Atlantic Ridge), Geochemistry Geophysics Geosystems, pp. 1-24.
Kadar, E., Costa, V., Martins, I., Santos, R.S. and Powell, J.J., 2005. Enrichment in trace 
metals (Al, Mn, Co, Cu, Mo, Cd, Fe, Zn, Pb and Hg) of macro-invertebrate habitats at 
hydrothermal vents along the Mid-Atlantic Ridge. Hydrobiologia, 548: 191-205.
Kadar, E., Costa, V. and Santos, R.S., 2006. Distribution of micro-essential (Fe, Cu, Zn) 
and toxic (Hg) metals in tissues of two nutritionally distinct hydrothermal shrimps. 
Science of the Total Environment, 358: 143-150.
Klinkhammer, G.P., Chin, C., Wilsom, C. and German, C.R., 1995. Venting from the 
Mid-Atlantic Ridge at 37º17’N: the Lucky Strike Hydrothermal site. Hydrothermal 
Vents and Processes, Geol. Soc. Spec. Pub., 87: 87-96.
Klinkhammer, G.P., Chin, C.S. and Wilson, C., 1992. Surveys of FARA section of Mid-
Atlantic Ridge for hydrothermal activity during FAZAR. Eos, Transactions, Ameri-
can Geophysical Union, 74: 380.
Langmuir, C. et al., 1997. Hydrothermal vents near a mantle hot spot: the Lucky Strike 
vent ﬁeld at 37ºN on the Mid-Atlantic Ridge. Earth and Planetary Science Letters, 
148: 69-91.
Langmuir, C. et al., 1992. Rock and water sampling of the Mid-Atlantic Ridge from 32-
41ºN: objectives and a new vent site. Eos, 73: 207.
Langmuir, C.H., 1992. FAZAR Cruise Report, Earth Observatory of Columbia Univer-
sity Techn., Palisades, NY.
Langmuir, C.H., 1993. Lucky Strike / Alvin Expedition.
Langmuir, C.H., Bender, J.F., Bence, A.E., Hanson, G.N. and Taylor, S.R., 1977. Petro-
genesis of Basalts from Famous Area - Mid-Atlantic Ridge. Earth and Planetary Sci-
ence Letters, 36: 133-156.
Langmuir, C.H., Fornari, D.J. and Colodner, D., 1993. Geological setting and charac-
teristics of the Lucky Strike Vent Field at 37º17’N on the Mid-Atlantic Ridge. Eos, 
Transactions, American Geophysical Union, 74: 99.
leRoex, A.P., Frey, F.A. and Richardson, S.H., 1996. Petrogenesis of lavas from the 
AMAR Valley and Narrowgate region of the FAMOUS Valley, 36° -37° N on the Mid 
Atlantic Ridge. Contributions to Mineralogy and Petrology, 124: 167-184.
Lourenço, N., 1997. Morfotectónica da junção tripla dos Açores: estudo de pormenor do 
segmento Lucky Srike (37º 17’ N, 32º 16’ O), a partir de dados de batimetria multi-
48
II. Geological setting and sampling
feixe e sonar lateral de alta resolução. Mestrado Thesis, Faculdade de Ciências da 
Universidade de Lisboa, Lisboa, 144 pp.
McCaig, A.M., Cliff, R.A., Escartin, J., Fallick, A.E. and MacLeod, C.J., 2007. Oceanic 
detachment faults focus very large volumes of black smoker ﬂuids. Geology, 35: 935-
938.
Miranda, J.M. et al., 2003. Study of the Saldanha massif (MAR, 36º34’N): Constrains 
from rock magnetic and geophysical data. Marine Geophysical Research, 23: 299-
318.
Parson, L., Grácia, E., Coller, D., German, C. and Needham, H.D., 2000. Second-or-
der segmentation; the relationship between volcanism and tectonism at the MAR, 
38³N^35³40PN. Earth and Planetary Science Letters, 178: 231-251.
Plouviez, S., Daguin-Thiebaut, C., Hourdez, S. and Jollivet, D., 2008. Juvenile and adult 
scale worms Barnchipolynoe seepensis in Lucky Strike hydrothermal vent mussels 
are genetically unrelated. Aquatic Biology, 3: 79-87.
Ribeiro da Costa, I., 2005. Serpentinization on the Mid-Atlantic Ridge: the Rainbow, 
Saldanha and Menez Hom sites. PhD Thesis, Faculdade de Ciências da Universidade 
de Lisboa, Lisbon, 444 pp.
Ribeiro da Costa, I., Barriga, F. and Wicks, F.J., in prep. Serpentinization on the Rainbow 
and Saldanha sites, Mid-Atlantic Ridge: mineralogical and geochemical features.
Ribeiro da Costa, I.R., Barriga, F.J.A.S. and Taylor, R.N., 2008. Late seaﬂoor carbonate 
precipitation in serpentinites from the Rainbow and Saldanha sites (Mid-Atlantic 
Ridge). European Journal of Mineralogy, 20: 173-181.
Rouxel, O., Fouquet, Y. and Ludden, J.N., 2004. Subsurface processes at the lucky strike 
hydrothermal ﬁeld, Mid-Atlantic Ridge: evidence from sulfur, selenium, and iron 
isotopes. Geochimica et Cosmochimica Acta, 68: 2295-2311.
Saldanha, L., Biscoito, M. and Desbruyeres, D., 1996. The Azorean deep-sea hydrother-
mal ecosystem: Its recent discovery. Deep-Sea and Extreme Shallow-Water Habitats: 
Afﬁnities and Adaptations: 383-388.
Schilling, J.G., 1975. Azores mantle blob: rare-earth evidence. Earth and Planetary Sci-
ence Letters, 25: 103-115.
Singh, S.C. et al., 2006. Discovery of a magma chamber and faults beneath a Mid-Atlan-
tic Ridge hydrothermal ﬁeld. Nature, 442: 1029-1032.
Sinha, M. et al., 2005. Active electromagnetic survey of hydrothermal venting area at 
Saldanha Massif,  Mid-Atlantic Ridge. Geophysical Research Abstracts, 7: EGU05-
A-07706.
Sinha, M.C., Dzhatieva, Z., Dias, A. and Fredrichs, N., 2006. RRS Charles Darwin Cruise 
167, 23 Nov - 21 Dec 2004. Sub-seaﬂoor physical properties at Saldanha Seamount, 
Mid-Atlantic Ridge, and controls on the spatial distribution of hydrothermal venting, 
National Oceanography Centre Southampton, Southampton, UK.
Von Damm, K., Bray, A., Buttermore, L. and Oosting, S., 1998. The geochemical con-
trols on vent ﬂuids from the Lucky Strike vent ﬁeld, Mid-Atlantic Ridge. Earth and 
49
II. Geological setting and sampling
Planetary Science Letters, 160: 521-536.
White, W.M., Schilling, J.G. and Hart, S.R., 1976. Evidence for Azores mantle plume 
from Strontium isotope geochemistry of Central North-Atlantic. Nature, 263: 659-
663.

III. MINERALOGY AND GEOCHEMISTRY  
OF HYDROTHERMAL SEDIMENTS FROM  
THE SERPENTINITE-HOSTED SALDANHA  
HYDROTHERMAL FIELD (36°34′N; 33°26′W)  
AT MAR
Dias, A.S. and Barriga, F.J.A.S.
Marine Geology 225 (2006), 157-175

53
Mineralogy and geochemistry of hydrothermal sediments 
from the serpentinite-hosted Saldanha hydrothermal ﬁeld 
(36°34′N; 33°26′W) at MAR
Dias, A.S. and Barriga, F.J.A.S.
CREMINER, Department of Geology, University of Lisbon,  
Edifício C6, Piso4, Campo Grande, 1749-016 Lisboa, Portugal
Abstract
The Saldanha hydrothermal ﬁeld is located at the top of a serpentinized massif (Mount 
Saldanha, MS) at a non-transform offset (NTO5) along the Mid-Atlantic Ridge (MAR), south 
of the Azores. It is one of the rare known sites on a worldwide basis where direct evidence of 
low-temperature (7-9 °C) hydrothermal activity has been provided by direct observation of hy-
drothermal ﬂuid venting through small oriﬁces in the ocean ﬂoor sedimentary cover. This study 
focuses on the mineralogy and geochemistry of 14 sediment cores collected at MS. For com-
parison, four samples collected at the Rainbow site (NTO6) were also studied. Mount Saldanha 
hydrothermal sediments are highly “diluted” within a dominant foraminiferal nanofossiliferous 
ooze with small fragments of underlying rocks. The mineral assemblage of the hydrothermal 
component is characterized by sulphides, nontronite, smectites, poorly crystallized Mn oxyhy-
droxides and amorphous material. Cu, Zn and Fe sulphides, Mn-Mg oxyhydroxides and putative 
manganobrucite were also identiﬁed in one sample collected at an oriﬁce vent. In this sample, 
micro-chimneys (conduits) composed of isocubanite and sphalerite were also identiﬁed. Mount 
Saldanha sediments show a clear enrichment in elements such as Mn, Mg, Fe, Cu, P and V, 
derived from hydrothermal ﬂuids, and Ni, Cr and Co, derived from ultramaﬁc rocks. The geo-
chemical data together with the observed mineral assemblage suggest that the hydrothermal 
ﬂuids are at a higher temperature than those measured at the escape oriﬁces (7-9 °C), and a 
strong enrichment in Mg, mainly at the top of the mount, agrees with extensive mixing of the 
hydrothermal ﬂuid with unmodiﬁed seawater. Nevertheless, the mineral assemblage of MS sedi-
ments is consistent with the precipitation from hydrothermal ﬂuids at much lower temperatures 
than at Rainbow. The presence of serpentinized and steatitized (talcshist) ultramaﬁc rocks and 
the occurrence of a strong methane anomaly within the overlying water column collectively 
suggest that the hydrothermal circulation at MS is driven by exothermic reactions closely as-
sociated with the serpentinization process. Rainbow sediments have a higher concentration in 
transition metals and consequently an enrichment in sulphides. These differences are likely to 
be a consequence of the higher temperature of hydrothermal ﬂuids, reﬂected in the composition 
of hydrothermal solutions, and of a stronger hydrothermal ﬂux at the Rainbow site.
Keywords: hydrothermal sediments; Mount Saldanha hydrothermal ﬁeld; low-temperature 
vents
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III.1. Introduction
The Saldanha hydrothermal ﬁeld is located at the Mid-Atlantic Ridge (MAR), south 
of Portugal’s Azores Archipelago (36°34′N; 33°26′W), between the Pico Fracture Zone 
(PFZ), 38°N, and the Oceanographer Fracture Zone (OFZ), 35°40′N (Fig. III.1A). This 
region of the MAR is composed of six left-lateral non-transform offsets (NTOs) (Detrick 
et al., 1995; Gràcia et al., 2000). These offsets are characterised by peridotite massifs de-
tached from their segment ﬂanks and are frequently associated with hydrothermal vents 
(Fouquet et al., 1997; German et al., 1996). The exposure of ultramaﬁc rocks is consistent 
with low magma budgets, relatively thin crust and irregular faulting patterns (Gràcia et 
Fig. III.1. (A) Area between the Pico Fracture Zone (PFZ) and the Oceanographer Fracture Zone (OFZ) 
along the Mid-Atlantic Ridge, south of Azores Triple Junction (TPA); (B) relief map showing the location of 
Mount Saldanha at a non-transform offset (NTO5) between FAMOUS-S and AMAR segments, and Rain-
bow at a non-transform offset below Mount Saldanha (NTO6), between AMAR and AMAR-S segments. 
These two sites are hosted on peridotite and serpentinized peridotite massifs. The relief map was prepared 
by J. Luis, N. Lourenço and M. Miranda and the nontransform offsets (dashed lines) and individual spread-
ing axes (black lines) are projected according to Gràcia et al. (2000) and Parson et al. (2000), respectively.
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al., 2000). Mount Saldanha (MS) is located on NTO5, between the FAMOUS and AMAR 
second order segments (Fig. III.1B), and consists of a faulted massif detached from its 
segment ﬂanks, almost parallel to the ridge segment. It is composed mainly of ultramaﬁc 
and gabbroic rocks.
In this area, Charlou et al. (1997) and Bougault et al. (1998) reported important meth-
ane anomalies with low TDM (total dissolved manganese) levels, detected during the 
FLAME (Charlou et al., 1997; German et al., 1997), HEAT (German et al., 1994, 1996) 
and FAZAR (Koeppenkastrop and De Carlo, 1992; Langmuir et al., 1992; Charlou et 
al., 1993) cruises, raising the expectation of the presence of a hydrothermal ﬁeld. This 
was investigated with dives during the FLORES cruise (Fouquet et al., 1998) without 
success. However, serpentinites and other ultramaﬁc rocks were recovered suggesting 
hydrothermal activity related to serpentinization. Conﬁrming these predictions, the MS 
hydrothermal ﬁeld was discovered in 1998 during the SALDANHA cruise (Barriga et 
al., 1998). At the summit of a seamount (MS), hydrothermal ﬂuid venting through centi-
metric oriﬁces in the ocean ﬂoor sedimentary cover was directly observed over an area 
of approximately 400 m2 and at depths between 2200 and 2220 m. Rock samples classi-
ﬁed as peridotites, serpentinites and steatites (also known as talcshists and soapstones) 
were recovered, which, together with ﬁeld observations, made it possible to map the area 
(Costa, 2001). In situ temperature measurements of the discharge ﬂuid at the hydrother-
mal oriﬁces revealed ﬂuid temperatures of 7-9 °C, whereas the adjacent seawater next to 
the seaﬂoor was at around 2 °C (Barriga and Seahma Team, 2003).
The source of the heat at the MS hydrothermal ﬁeld has been suggested to be derived 
from the exothermic serpentinization process (Barriga et al., 1998). There are only three 
other hydrothermal ﬁelds, all at MAR, where hydrothermal ﬂuids derived from ultra-
maﬁc reactions have been described: the Rainbow (Fouquet et al., 1998; German et al., 
1996) and the Logatchev (Bogdanov et al., 1997), with high-temperature ﬂuids; and the 
Lost City (Kelley et al., 2001), with low-temperature ﬂuids.
However, the source of heat in these ultramaﬁc hosted hydrothermal systems is con-
troversial. Although heat production in these systems has often been directly linked to 
the exothermic nature of the olivine to serpentinite reaction (Fyfe, 1974; Barriga et al., 
1998; Kelley et al., 2001; Bach et al., 2002; Lowell and Rona, 2002; Schroeder et al., 
2002), several authors argue that these reactions do not produce enough heat to explain 
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peridotite-hosted hydrothermal systems (e.g., Allen and Seyfried, 2004). For example, 
an additional heat source has been suggested for the Logatchev and Rainbow sites (Al-
len and Seyfried, 2003; Lowell and Rona, 2002). Heat balance models by Lowell and 
Rona (2002) suggest that heat released upon serpentinization of peridotites can explain 
hydrothermal venting only at temperatures ranging from a few degrees to a few tens of 
degrees Celsius, as happens at MS (7-9 °C, Barriga and Seahma Team, 2003). Bach et 
al. (2002) reached the same conclusion after calculating that the serpentinization process 
can heat up circulating water to 25-150 °C. Thus, although higher temperature ultramaﬁc 
hydrothermal systems, such as the Rainbow, seem to depend on an additional magmatic 
heat source, it seems possible that low-temperature systems, such as MS, are exclusively 
driven by the serpentinization exothermic process. Additional data on the geochemistry, 
mineralogy and geophysics of these systems are needed to clarify this issue.
Diffuse ﬂow at hydrothermal systems seems to constitute the major ﬂux of heat and 
chemical transfer at the seaﬂoor. Hydrothermal sediments can conceivably hold distinct 
hydrothermal components: (1) near-ﬁeld components derived from corrosion and mass-
wasting of seaﬂoor hydrothermal deposits; (2) distal plume-related components (Mills 
and Elderﬁeld, 1993); and (3) components directly precipitated from hydrothermal ﬂuids 
that percolate through the sediments (German et al., 1995; Mills et al., 1996).
Unlike many other systems sampled so far along the MAR, at MS, the hydrothermal 
discharge takes place through the sediments, which seem to form an impermeable cover, 
blanking the system. Thus, the hydrothermal ﬂuids react not only with the underlying 
crystalline rocks but also with the sedimentary cover. The hydrothermal component of 
the sediments precipitates from percolating ﬂuids. This could also take place at the more 
sedimented parts of the Rainbow ﬁeld. Here, the hydrothermal component is largely 
dominated by more or less corroded sulphides resulting from fallout and mass wasting 
of seaﬂoor hydrothermal deposits. These deposits completely cover up a possible hydro-
thermal component resulting from within-sediment precipitation.
In order to identify the hydrothermal component of MS sediments, their mineralogi-
cal and geochemical properties are described. The data are compared with hydrothermal 
sediments collected at Rainbow and occasionally with previously published geochemical 
data from other MAR hydrothermal sediments. Because the MS hydrothermal system 
has the lowest venting temperature so far described, the study of its sediments could 
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prove particularly valuable in order to understand the nature of ultramaﬁc-hosted sys-
tems that putatively lack a magmatic heat source.
III.2. Sampling and analytical methods
Sampling was carried out in July 1998 with Ifremer’s manned submersible Nautile. 
Eight dives were performed and a 40-cm “push-corer” was used to recover 14 short 
(27 cm maximum) cores of hydrothermal sediments at MS, one of which (SF13) was 
sampled in a small hydrothermal vent oriﬁce (Fig. III.2 and Table III.1). For comparison, 
four samples were also collected at Rainbow during the same cruise. Three of those 
sediments were sampled near black smoker chimneys and a fourth sample (SR2) was 
Table III.1: General macroscopic description of Mount Saldanha and Rainbow “push-corers”.
Samples Length General description Rock fragments Other relevant  Distance to the 
 sediment   information venting oriﬁce 
 recovered (cm)    (m)
Mt Saldanha
SF1 16.5 pale brown carbonate ooze fresh basalts collected at a deep fault 4095
SF2 22.0 pale brown carbonate ooze fresh basalts  3672
SF3 20.0 pale brown carbonate ooze gabbros  1286
SF4 14.0 pale brown carbonate ooze fresh basalts  954
SF5 27.5 pale brown carbonate ooze serpentinites collected near a scarp 4513
SF6 11.0 pale brown carbonate ooze serpentinites and  collected near a scarp 2544
   few altered basalts
SF7 a) whitish pale brown carbonate ooze serpentinites collected near a scarp 1726
SF8 a) whitish pale brown carbonate ooze serpentinites collected near a scarp 1681
SF9 b) whitish pale brown carbonate ooze n.i   944
SF10 17.0 pale brown carbonate ooze steatites  190
SF11 24.0 pale brown carbonate ooze steatites and some   771
   fresh basalts
SF12 b) whitish pale brown carbonate ooze steatites and some  503
   fresh basalts
SF13 13.5 greyish pale brown carbonate ooze  steatites collected exactly at a  0
  with some whitish veins  hydrothermal vent
SF14 19.0 pale brown carbonate ooze n.i   1035
Rainbow
SR1  reddish material with some massive  steatites collected near black 
  sulphides and pelagic carbonates  smoker chimneys
SR2  reddish pale brown carbonate ooze some steatites and  collected in a very 
   few steatites sedimented zone with 
    diffuse discharge
SR3  reddish material massive sulphides some steatites collected near black 
    smoker chimneys
SR5  reddish material massive sulphides  serpentinites collected near black 
  and pelagic carbonates  smoker chimneys
a): semi-consolidated sediment; b): consolidated sediment; n.i. — not identiﬁed because of the small size of the rock fragments
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collected at a zone of diffuse discharge (Table III.1).
The majority of MS sediment corers collected are pale brown carbonate oozes, except 
the more consolidated samples, which are whitish. Frequently, the sediments contain 
fragments of underlying rocks such as gabbros, serpentinites, steatites (talcshists) and 
basalts (up to 7 cm long). The three Rainbow sediments collected near the black smokers 
are reddish dark brown, rich in sulphides and correspondingly poorer in carbonates. The 
SR2 Rainbow sample was similar to MS sediment but somewhat darker.
Samples collected at MS were analysed for their mineralogy and geochemical com-
position of bulk sediments. Prior to any type of analyses, all samples were dried at less 
than 25 °C. Optical microscopic observations of the sediments were performed on pol-
ished thin sections. In order to achieve an effective polish, the sediment samples were 
consolidated by impregnation with an epoxy resin.
X-ray diffraction (XRD) of the sediments’ <4Φ fractions and of some selected man-
ganese oxides particles was performed using a Philips PW 1710 diffractometer with 
CuKα radiation generated at 40 kV and 49 mA. The material was analysed on a pure sili-
con sample holder (PW 1817/32) because it does not produce interferences and requires 
less material for analysis than other sample holders. The <4Φ fraction was examined 
after air drying and glycol saturation treatments. Data were interpreted using Creminer’s 
in-house “XRDIdentify” software, developed by Carlos Carvalho (in preparation).
As the sediments have a very high carbonate content, leaching with a 10% HCl solu-
tion of sample aliquots was necessary to study the mineralogy of the insoluble residual 
grains. As other minerals besides carbonates could have been leached by this process, 
the major elements in the resultant acid solution were quantiﬁed by atomic absorption 
analyses. Polished thin sections of the insoluble residue were made as described above 
and optical microscopic observations were conducted. Chemical analysis were conduct-
ed on representative polished thin sections of the insoluble residue using a three-channel 
wavelength dispersive JEOL SUPER PROBE 733 electron microprobe, operated at an 
accelerating voltage of 18 kV and at a beam current intensity of 25 nA. Natural minerals 
and pure metal standards were used before, during and after each analytical session. The 
precision of the measurements was better than 2% for the major elements.
To complement the mineralogical characterization, geochemical analyses were car-
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ried out on the bulk sediment. Determination of major and minor elements and rare-earth 
elements (REE) concentrations were made by Inductively Coupled Plasma Optical Emis-
sion Spectrometry (ICP), Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and 
Instrumental Neutron Activation Analysis (INAA). Carbon and S concentrations were 
determined by LECO (see Appendix for further details). All geochemical analyses were 
carried out at “Activation Laboratories, Ltd” (ACTLABS, Ontario, Canada) following 
standard procedures. The standards used by Actlabs were SY3, MRG1, W2, DNC1, 
BIR2, G2, NBS, STM, IF-G and AC-E and speciﬁcally for REE were MAG1, BIR1, 
DNC1, GXR2, LKSD3, MICA-Fe, GXR1, SY3, STM and IFG1. The measurement preci-
sion for the major oxides was better than ±1-2%, and for the other elements, the precision 
was generally better than 5-10%. Speciﬁcally, for REE, the measurement precision was 
5% or better.
To determine the hydrothermal component of major elements in MS bulk sediments, 
data from BOFS (Biogeochemical Ocean Flux Study) cores were used to deﬁne back-
ground elemental levels (data from Cave et al., 2002). Those cores are appropriate to be 
used as a background since they are pelagic sediments without hydrothermal inﬂuence 
and were collected in similar latitudes at the MAR and in similar depositional environ-
ments.
Rare-earth elements (REE) data were normalised to the REE concentrations of chon-
drites (Taylor and McLennan, 1985). The deviation of Ce and Eu from the rest of REE 
can be expressed as Ce anomaly (Ce/Ce*) and Eu anomaly (Eu/Eu*) where * refers to 
the value obtained by linear interpolation between adjacent elements.
III.3. Results
Microscopic characterization of bulk sediment revealed that MS samples are mainly 
calcareous oozes made up of biogenic calcite (foraminiferal and coccolith tests) with 
hydrothermal precipitates and small fragments of lithoclasts and minerals from the un-
derlying rocks.
Mount Saldanha sample aliquots treated with HCl were almost totally soluble, reveal-
ing their high carbonate content. Samples collected at Rainbow had a lower content of 
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soluble material (Table III.2).
The more consolidated samples (SF7, SF8, SF9 and SF12) had a higher content of 
soluble material, while three of the sediments collected near hydrothermal oriﬁces 
(SF13, SF10 and SF11) and also sample SF1 presented a lower content of soluble material 
(Table III.2). Insoluble residues were formed by hydrothermal components and detrital 
lithoclasts. The observed differences between MS and Rainbow samples suggest differ-
ent proportions of the carbonate and hydrothermal fractions.
The presence of major elements in the solution resultant from the acid attack was in-
vestigated with atomic absorption analyses in order to understand if HCl digested other 
minerals besides carbonates. The proportion of each major element relative to the total 
of analysed elements in MS samples is represented in Fig. III.3. Calcium is the main ele-
ment present, representing more than 60% of the total of dissolved major elements. A 
Table III.2: Average and standard deviation (wt.%) of the 
material digested with HCl in aliquots from each sample.
Samples Average S.D.
Mt Saldanha
SF1 84.78 4.83
SF2 94.81 2.79
SF3 94.33 0.85
SF4 95.59 0.21
SF5 94.99 1.56
SF6 95.31 0.42
SF7a 98.25 0.50
SF8a 95.69 1.18
SF9a 96.06 0.58
SF10 86.81 4.24
SF11 90.03 2.98
SF12a 97.86 0.64
SF13 91.47 6.50
SF14 95.17 0.19
Average 93.65 1.96
Rainbow
SR1 54.10 5.36
SR2 85.70 —
SR3 28.00 5.73
SR5 71.10 —
Average 59.73 5.55
a): consolidated or semi-consolidated sediments.
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lower Ca concentration (about 50%) was observed in sample SF13, collected at an active 
hydrothermal oriﬁce. In this sample, the combined Mn and Mg content amount to about 
40% of the total. Thus, although the dissolved major elements do not exclusively repre-
sent the carbonate fraction, the HCl leaching procedure provides, with a few exceptions, 
a reasonable estimate of the carbonate content.
The presence of Fe, Mn and Mg in the solution probably derived from poorly crystal-
line oxides and hydroxides. Some Fe could also have originated from sulphides dissolved 
with the acid solution. Sodium and Al in samples with small amounts of Fe, Mg and Ca 
were probably derived from clay minerals.
Table III.2: Average and standard deviation (wt.%) of the 
material digested with HCl in aliquots from each sample.
Samples Average S.D.
Mt Saldanha
SF1 84.78 4.83
SF2 94.81 2.79
SF3 94.33 0.85
SF4 95.59 0.21
SF5 94.99 1.56
SF6 95.31 0.42
SF7a 98.25 0.50
SF8a 95.69 1.18
SF9a 96.06 0.58
SF10 86.81 4.24
SF11 90.03 2.98
SF12a 97.86 0.64
SF13 91.47 6.50
SF14 95.17 0.19
Average 93.65 1.96
Rainbow
SR1 54.10 5.36
SR2 85.70 —
SR3 28.00 5.73
SR5 71.10 —
Average 59.73 5.55
a): consolidated or semi-consolidated sediments.
Fig. III.3. Relative percentage of the major soluble elements in the acid solution resultant from the HCl 
attack to the MS sediments determined by atomic absorption analysis.
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III.3.1. Mineralogy
The mineralogy of MS sediments determined by XRD and optical and electron mi-
croprobe analyses revealed, besides carbonates, the presence of serpentine, talc, olivine, 
plagioclases, clay minerals and Mg, Fe and Mn minerals. The sediment content in oliv-
ine, pyroxenes, serpentine and talc correlate with the abundance of different lithoclas-
tic grains and, consequently, with the different lithologies of the underlying rocks. For 
example, talc was mainly identiﬁed from steatite grains present in sediments collected 
at the top of MS where this lithology was more abundant. Fine-grained pyrite and some-
times isocubanite were observed disseminated in all sediments. Sphalerite and puta-
tive manganobrucite were also observed in sample SF13. Sulphide minerals were rarely 
observed and were normally anhedral grains smaller than 0.1 mm in diameter. In most 
samples, it was not possible to obtain accurate quantitative electron microprobe analyses 
due to polishing problems and/or to the small size of the sulphide grains. Sediment SF13 
exhibits a larger quantity of sulphides, including larger grains. Reﬂected light micros-
copy revealed the presence of pyrite, isocubanite and sphalerite.
Isocubanite and pyrite occur in isolated grains and exhibit a deﬁcient polishing. Py-
rite also occurs as local replacement in foraminiferal tests, and isocubanite occasionally 
occurs in association with sphalerite, the former surrounding the latter (Fig. III.4A). 
Averages of closely similar electron microprobe analyses on these minerals revealed the 
following chemical compositions:
Fig. III. 4. Photomicrographs of polished sections from Mount Saldanha sediments samples; (A) polished 
section of isocubanite surrounded by sphalerite from SF13; (B) milimetric chimney at SF13. Outer walls 
are formed by cemented aggregates of manganese precipitates and carbonate and (C) inner walls are 
formed by manganese minerals, sulphides and a nonidentiﬁed green mineral. Some radiolarian tests 
were also identiﬁed inside these tubes; (D) polished section of isocubanite surrounded by sphalerite from 
a Rainbow sediment; (E-F) poorly crystalline Mn-oxides minerals. They are opaque showing a low relief 
and low reﬂectance with grey-brownish colours. They occur usually as collomorphic bands, and con-
cretions comprise intimate mixtures of more crystalline and less crystalline manganese oxides, which 
seem to be todorokite and vernadite/birnesite, respectively. High reﬂectance bands, with whitish-grey 
colours, comprise the more crystalline specimen and low reﬂectance bands, with brownish grey colours, 
comprise the poorly crystalline ones and are less well polished; (G-H) transparent ﬁne crystals growing 
(Mn-brucite) into open spaces at poorly crystalline Mn-oxides. The right photomicrograph was taken in 
transmitted light conditions. icb=isocubanite; sph=sphalerite; tk=todorokite; vr/br=vernadite/birnesite; 
(Mn)Brc=Mn-brucite.
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 Isocubanite (Icb): (Cu
0.97
, Co
0.03
, Ni
0.01
)
0.97
Fe
2
S
3
;
 Pyrite (Py): (Fe
0.937
, Co
0.002
, Cu
0.002
)
0.941
S
2
 Sphalerite (Sph): (Zn
0.72
, Fe
0.18
, Cu
0.001
, Co
0.01
)
0.91
Fe
1
S
2
At the top of the SF13 core, it was possible to observe millimetric tubular structures 
formed by Icb and Sph. These have been interpreted to be microchimneys (Fig. III.4B 
and C) similar to those described by Usui et al. (1997). The outer walls of these struc-
tures were formed by cemented sediment and oxyhydroxides aggregates. At the inner 
wall, sulphide and oxide minerals were observed, as well as a non-identiﬁed pale green 
mineral. Some radiolarian tests were also observed inside the tubes. This morphology 
and mineral zonation are consistent with previous descriptions of micro-chimneys (Hay-
mon and Kastner, 1981; Haymon, 1983; Zierenberg et al., 1984; Fouquet et al., 1993; 
Hannington et al., 1995; Laﬁtte et al., 1985).
In Rainbow sediments, fragments of Icb and Sph with a similar microscopic concen-
tric zonation were also observed (Fig. III.4D). These were present in larger quantities 
and were better polished than in MS sediments. The mean chemical analyses for Icb and 
Sph in Rainbow sediments showed the following composition:
 Icb:  (Cu
0.97
, Co
0.05
)
1.02
Fe
2.05
S
3
 and 
 Sph:  (Zn
0.66
, Fe
0.29
)
0.94
Fe
1
S
2
The formation of Sph with a higher percentage of Fe at Rainbow is consistent with 
what has been described for reduced and warmer hydrothermal ﬂuids (Deer et al., 1982; 
Ames et al., 1993; Hannington et al., 1995).
All samples contain amorphous material at the <4Φ fraction in the insoluble residue, 
as shown by XRD (Fig. III.5). Only one diffractogram of this fraction is shown because 
all analyses were similar. They depict a broad elevation centred near 25° 2θ. This feature 
corresponds perfectly to the amorphous silica pattern.
X-ray diffraction also revealed the presence of smectite-clorite and nontronite. Non-
tronite (Al-poor Fe-smectite) is particularly abundant in three of the samples collected 
near the hydrothermal oriﬁces (SF10, SF11 and SF13). The presence of nontronite has 
been reported in various other seaﬂoor hydrothermal deposits (e.g., Bischof, 1972; Bon-
atti et al., 1972; Hoffert et al., 1978; Alt, 1988; Hékinian et al., 1993; Severmann et al., 
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Fig. III.5. X-ray diffractogram where two patterns have been superimposed: one from a sediment ﬁne 
fraction (<4Φ fraction) and another from amorphous material. The elevation pattern at 25°, 2θ is due to 
the presence of amorphous material.
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2004). Experimental data on nontronite synthesis (Harder, 1976) suggest that the solu-
tion from which this mineral forms has a low temperature (3 to 29 °C), nearly neutral 
pH (7-9) and is slightly reduced (Eh
 
= 0.2 to 0.8). However, oxygen isotope thermometry 
from TAG metalliferous sediments shows that nontronite formation may occur at up to 
90 °C (Severmann et al., 2004). Aoki et al. (1996) also mentioned that the mechanism of 
formation of Fe-rich clay minerals is attributed to the interaction of Si, Al and Mg from 
the seawater with a Fe-rich hydrothermal solution ﬂowing through the sea ﬂoor. At MS, 
the presence of sulphide minerals suggest that nontronite could have formed at higher 
temperatures than those of the hydrothermal ﬂuids (7-9 °C, Barriga and Seahma Team, 
2003). The lower temperatures measured at the oriﬁces are probably a consequence of 
cooling effects during conductive circulation and seawater interactions.
Poorly crystalline Mn-oxides minerals occur mainly in the sediment collected at 
the venting oriﬁce (SF13). They usually form collomorphic bands and concretions that 
comprise intimate mixtures of more crystalline and less crystalline manganese oxides, 
identiﬁed by XRD as todorokite and vernadite/birnesite, respectively. High reﬂectance 
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bands comprise the more crystalline specimens and low reﬂectance bands comprise the 
poorly crystalline ones, which are also not as well polished (Fig. III.4E-H).
The mean of poorly crystalline Mn-oxides microprobe analyses are shown in Table 
III.3. The totals were lower than 90%, and as microprobe qualitative analyses did not 
detect elements other than those listed, the remaining percentage was considered to be 
H
2
O+. A strong negative correlation between MnO
2
 and H
2
O+ was veriﬁed (Pearson’s 
product-moment correlation coefﬁcient: r=−0.79, p<0.001, n=54), which suggests that 
less crystalline specimens are more hydrated. The sample with the highest total was the 
one collected at the hydrothermal oriﬁce (SF13), which reveals a strong substitution of 
Mn by Mg. This sample is clearly distinct from the remaining samples as a consequence 
of the Mg-Mn substitution in SF13 Mn-oxides and of the Fe-Mn substitution in the other 
MS and Rainbow sediments. Microprobe analyses revealed SiO2 contents sometimes 
above 2%. This fact is consistent with previous chemical analyses for these minerals 
(e.g., Ostwald, 1988) and was also reported by Hekinian (1982) for FAMOUS samples. 
The abundance of Mg in minerals present in the SF13 sample is greater than those found 
at other locations mentioned before (e.g., Burns and Burns, 1978; Hoffert et al., 1978; 
Cronan, 1980; Roy, 1981; Ostwald, 1988).
Table III.3: Chemical analyses of poorly crystalline Mn-oxides.
 Mount Saldanha SF13 Rainbow
 Average S.D. Average S.D. Average S.D.
SiO
2
 1.27 1.37 2.34 4.17 1.06 0.38
Al
2
O
3
 0.42 0.38 0.10 0.07 0.12 0.12
MgO 1.55 1.77 13.98 7.59 0.44 0.12
Na
2
O 0.82 1.10 0.08 0.09 0.05 0.04
MnO
2
 49.29 15.88 53.86 14.48 41.23 15.30
V
2
O
3
 0.30 0.28 0.02 0.03 0.07 0.02
TiO
2
 0.63 0.64 0.02 0.04 0.03 0.03
CaO 1.11 0.65 0.84 2.22 0.05 0.02
ZnO 0.05 0.03 0.03 0.02 0.03 0.04
NiO 0.25 0.55 0.01 0.01 0.01 0.01
FeO(T) 6.83 6.30 0.35 0.97 17.67 12.31
Cr
2
O
3
 0.01 0.01 0.01 0.02 0.02 0.01
Total 62.55 13.85 71.63 10.52 60.77 7.73
H
2
O* 37.45  28.37  39.23
The H
2
O+ percentage was assumed to be the difference of the total (100%−total).
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In close association with Mn-oxide minerals in SF13 an uncommon and transparent 
mineral was identiﬁed (Fig. III.4G and H). Chemical analyses of these crystals show an 
average of MnO and MgO wt.% of 22.6% and 41.6%, respectively, and low totals (range: 
58.8-71.7%). The small size and scarcity of the crystals precluded an XRD investigation. 
The mineral is most probably manganobrucite, an extremely rare, poorly known variety 
of brucite, with ideal formula (Mg, Mn) (OH)
2
.
III.3.2. Bulk sediment geochemistry
Bulk geochemical analyses (Appendix III.A) show that MS sediments have high Ca 
and C concentrations. The highest concentrations of Ca (average=37.6%) and C (aver-
age=11.6%) were found in consolidated and semi-consolidated sediments and the low-
est in the hydrothermal oriﬁce sample SF13 (Ca=28.7% and C=9.1%). These Ca and C 
concentrations are in agreement with the samples’ carbonate content estimated with the 
acid attack (Table III.2).
The sediment collected at the hydrothermal oriﬁce has high concentrations of Mn 
(3.2%) in comparison with the remaining MS samples (average Mn=0.3%). Mg con-
centrations were highest in sample SF13 (4.2%) but also relatively high in samples SF10 
(3.5%) and SF12 (1.7%) collected nearer the oriﬁces, when compared with the remaining 
MS samples (0.7%). Rainbow sediments present higher values of Mg and Mn in com-
parison to the average of MS sediments (average: Mg=1.7% and Mn=1.8%) but smaller 
than those recorded in the sediment collected at the hydrothermal oriﬁce. The presence 
of these two elements is likely to be correlated with the occurrence of todorokite, ver-
nardite and manganobrucite. Mg and Mn enrichment in hydrothermal sediments from 
other sediment-hosted systems has been reported (e.g., Koski et al., 1985; Goodfellow 
and Franklin, 1993; Usui et al., 1997). The enrichment in Mg is the result of unmodiﬁed 
seawater mixing with the hydrothermal system. The higher Mg enrichment in the three 
samples collected at the top of the mount suggests a more intense mixing of seawater 
with hydrothermal ﬂuids in this area. In contrast, the Mn enrichment is derived from 
the hydrothermal ﬂuids (e.g., Hodkinson and Cronan, 1995) and was most visible in the 
hydrothermal oriﬁce sample (SF13).
Al
2
O
3
 concentration in MS sediments is low (average=1.05%) revealing a minor de-
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trital component, as revealed by petrographic observations. The abundance of Al
2
O
3
 
is generally strongly correlated with the abundance of SiO
2
 in MS sediments (r=0.97; 
N=14; p<0.001) suggesting the same detrital origin for Al and Si. The Si/Al ratio is high-
er in the two samples collected nearer the oriﬁces (SF10=4.71 and SF12=4.04), suggest-
ing that some hydrothermal input of Si may have occurred in this particular area of the 
ﬁeld. However, the Si/Al ratio in the SF13 sample collected in the oriﬁce (2.06) did not 
differ from the remaining MS samples, which could be a consequence of Si precipitation 
at a greater depth. The presence of amorphous silica in MS samples revealed by XRD 
further supports some hydrothermal input of Si. Also, Rainbow sediments have a higher 
Si/Al ratio (average=18.8) consistent with a stronger input of hydrothermal Si.
Copper, Zn and Fe concentration is low in the MS samples, although the Fe+Cu+Zn 
concentration correlates with S (r=0.66; N=14; p<0.01). This is consistent with the small 
amounts of sulphide minerals observed and conﬁrms that these metals are present as 
sulphides.
The sample collected at the vent had a concentration of U (0.75 ppm) higher than the 
remaining MS samples (average=0.44 ppm), although much lower than the Rainbow 
samples (average=9.46 ppm). The U in hydrothermal sediments is thought to be seawa-
ter-derived as hydrothermal ﬂuids are stripped of dissolved U (e.g., Chen et al., 1986; 
James et al., 2003).
The enrichment in Co, Cr and Ni is likely to be due to the presence of ultramaﬁc 
rocks in the sediments. Indeed, the Cr/Al and Ni/Al ratios are higher in sediments where 
larger amounts of ultramaﬁc rocks were found (Table III.1), reﬂecting the presence of 
an ultramaﬁc component. When MS sediments were normalised to non-hydrothermal 
pelagic sediments (BOFS), peaks at P, V, Mn, Fe, Cu and Zn were found (Fig. III.6) due 
to enrichments caused by the hydrothermal component. Four different groups of samples 
can be distinguished: (a) the sediment collected in the hydrothermal oriﬁce (SF13) has a 
clear hydrothermal signature and is particularly enriched in Mn; (b) sediments collected 
near the oriﬁces (SF19, SF11, SF13) are very similar to SF13 but show a less pronounced 
Mn enrichment; and (c) and (d) sediments collected further away from the hydrothermal 
input are less enriched in Cr and Ni. The main difference between samples (c) and (d) is 
the lack of ultramaﬁc rock fragments in the latter, with concomitant lower abundances 
in Cr and Ni (Table III.1).
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Fig. III.6. Mount Saldanha sediment samples normalized to mean concentration of BOFS (Cave et al., 
2002). Legend: ✕-SF1, SF2, SF3, SF4; □-SF5, SF6, SF7, SF8, SF9; ○-SF10, SF11, SF12; ▲-SF13.
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The hydrothermal vs. detrital contribution in sediments can be estimated using the 
Fe/Ti vs. Al/ (Al+Fe+Mn) ratio (Boström, 1973). In this diagram, all hydrothermal sedi-
ments should lie on a theoretical curve. A decrease in the Fe/Ti ratio and an increase in 
the Al/(Al+Fe+Mn) ratio should indicate the dilution of metalliferous sediments with 
pelagic deep-sea ones. Boström (1973) also shows that the ratio Al/(Al+Fe+Mn) is gen-
erally above 0.4 in pelagic deep-sea sediments and that lower values indicate an enrich-
ment in metals. Sample SF13 has a value of Al/(Al+Fe+Mn) below 0.4, revealing a strong 
hydrothermal component and an enrichment in Fe and Mn (Fig. III.7). The remaining 
MS samples fall along the theoretical curve but show a marked detrital dilution. As ex-
pected, Rainbow sediments present a marked hydrothermal component with the lowest 
Al/(Al+Fe+Mn) values.
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Fig. III.7. Ratios Fe/Ti vs. Al/(Al+Fe+Mn) for Mount Saldanha and Rainbow sediments (adapted from 
Boström, 1973). It was not possible to project the ratios of the SR3 sample because the Ti concentration 
was below the threshold detection limit.
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III.3.3. Rare earth elements
Rare-earth element (REE) concentrations of all samples (Appendix A) have been 
normalized to the chondrite values of Taylor and McLennan (1985). All MS samples, 
including SF13, show similar patterns (Fig. III.8). They exhibit a depletion on HREE 
(heavy rare-earth elements) and negative Eu and Ce-anomaly (averages Ce/Ce*=0.61 
and Eu/Eu*=0.73). REE patterns for Rainbow sediments also show a depletion of HREE 
with a strong positive Eu-anomaly (average Eu/ Eu*=5.64, maximum Eu/Eu*=12.23) 
and a weak negative Ce-anomaly (average Ce/Ce*=0.57). Again, the REE values of the 
SR2 sample are clearly more alike to the MS ones (Ce/Ce*=0.61 and Eu/Eu*=1.00).
Comparing our REE data with seawater (Elderﬁeld and Greaves, 1982), pelagic sedi-
ments (Wildeman and Haskin, 1965) and hydrothermal ﬂuids (Douville et al., 2002), it 
is clear that MS sediments have a negative Ce anomaly, less pronounced than seawater, 
and lack a positive Eu anomaly like hydrothermal ﬂuids, presenting instead a slightly 
negative Eu-anomaly as in seawater and pelagic sediments
Rainbow sediments exhibit an average pattern very different from the seawater REE 
pattern and especially similar to the hydrothermal ﬂuids pattern (negative Ce-anom-
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aly and positive Eu-anomaly). The average MS REE pattern is similar to the pattern 
described for other sediments that contain hydrothermal precipitates (e.g., Toth, 1980; 
Courtois, 1981; Mills and Elderﬁeld, 1993; Marchig et al., 1999). The absence of a posi-
tive Eu anomaly in MS samples can be explained as by Sverjensky (1984). This author 
concluded that at low temperatures (<250 °C), the geochemistry of Eu should be domi-
nated by the trivalent stage, like all of REEs, and consequently, Eu should not exhibit 
a positive anomaly. In contrast, the predicted stability of divalent Eu at elevated tem-
peratures is consistent with the large positive Eu anomalies in REE patterns. Michard 
(1989) also shows that hydrothermal ﬂuids below 250 °C are characterized by negative 
Eu anomalies, in agreement with the low temperature of the ﬂuids measured at MS 
hydrothermal oriﬁces (<9 °C). However, the possibility remains that at greater depths, 
the ﬂuids are warmer, cooling down when mixing with unmodiﬁed seawater nearer the 
surface. The REE patterns of MS sediments clearly show that seawater and the dominant 
pelagic fraction overprint the REE hydrothermal signature.
Fig. III.8. Chondrite-normalized (Taylor and McLennan, 1985) average REE pattern for Mount Saldanha 
and Rainbow sediments. Also shown for comparison are (1) seawater patterns from 2500 m deep (×104) 
(Elderﬁeld and Greaves, 1982); (2) pelagic sediments (Wildeman and Haskin, 1965); and (3) hydrother-
mal ﬂuids (×103) from Rainbow (Douville et al., 2002).
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III.4. Conclusions
The Mount Saldanha hydrothermal ﬁeld is a serpentinite-hosted system covered by 
sediments in which the hydrothermal activity is mainly diffuse with some focused dis-
charge occurring along centimetric vents at the top of the mount. The mineralogical and 
geochemical data from MS sediments suggest an environment of deposition with perco-
lation of hydrothermal ﬂuids through pelagic sediments. The hydrothermal component 
is strongly “diluted” in pelagic carbonate ooze and is dominated by early sulphides, 
nontronite, smectites, poorly crystallized Mn oxyhydroxides and amorphous material, 
which probably precipitated from a reduced and mildly acid circulating hydrothermal 
ﬂuid, under low-temperature conditions.
The REE patterns of MS sediments have a ﬁngerprint of seawater with negative 
anomalies of Ce and Eu, and the resemblance with pelagic sediments reﬂects the strong 
dilution of the hydrothermal component in the carbonate ooze. In contrast, Rainbow 
sediments REE patterns show a strong contribution of the high-temperature hydrother-
mal ﬂuids.
The mineralogy and chemistry of the sediments suggest that the hydrothermal contri-
bution is particularly intense near the discharge hydrothermal ﬂuid oriﬁces. Here, micro-
chimneys composed mainly of sphalerite and isocubanite in a concentric arrangement 
were identiﬁed.
At the discharge zone, the concentration of Mn and Mg is particularly high, and poor-
ly crystalline Mn-Mg oxyhydroxides and putative manganobrucite were identiﬁed. The 
Mg enrichment, together with the occurrence of sulphide minerals, may be explained by 
the interaction between seawater percolating down into the sediments and the upwelling 
modiﬁed seawater. The sulphides are likely to precipitate from the modiﬁed seawater at 
larger depths, whereas Mg precipitates when extensive interaction with cold, unmodiﬁed 
seawater occurs. The slight enrichment of MS sediments in Al and Si is probably due to 
detrital lithic inclusions, although the higher Si/Al ratio in SF10 and SF12 samples and 
the presence of amorphous silica suggest a hydrothermal input in places.
In comparison to background pelagic sediments, MS sediments are also enriched in 
P, V, Fe, Cu and Zn, precipitated from hydrothermal ﬂuids. Some MS sediments are also 
particularly enriched in Ni and Cr, derived from ultramaﬁc fragments such as serpen-
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tinites and steatites.
The mineralogy of the sediments, in particular the occurrence of sulphides, suggests 
higher temperatures for this system than the ones measured at the vents (6-9 °C). Thus, 
the low temperature of MS ﬂuids at the discharge oriﬁces may reﬂect the effects of 
cooling during convective circulation, with consequent seaﬂoor alteration, and seawater 
mixing.
This study revealed a metal enrichment in the sediments, especially at the top of the 
mount. Although sediment-hosted hydrothermal systems are rare along the Mid-Atlantic 
Ridge, many of the word’s largest massive sulphide ore deposits appear to have origi-
nated in similar depositional environments. The precipitation of hydrothermal minerals 
seems to occur inside sediments where an oxidized cap prevents the direct contact of 
the evolved hydrothermal ﬂuid with the oxidizing unmodiﬁed seawater. Similar caps 
were postulated for the formation of sub-seaﬂoor massive sulphide mineralizations, both 
modern (e.g., Bent Hill, Zierenberg et al., 1998) and fossil (e.g., Aljustrel deposits, Ibe-
rian Pyrite Belt, Barriga, 1983; Barriga and Fyfe, 1988).
Mount Saldanha and Rainbow sediments, in spite of occurring in similar geological 
settings, are inﬂuenced by ﬂuids putatively of different temperatures, which results in a 
distinct suite of mineral and geochemical signatures. The Mount Saldanha hydrothermal 
system seems to be of lower temperature and the lack of a magmatic heat source, the 
presence of altered peridotite to serpentinites and steatites (talc rock) and the occurrence 
of a strong methane anomaly within the overlying water column, agree with the system 
being driven exclusively by heat released during the serpentinization process. In con-
trast, an additional heat source seems to be required to explain the much hotter Rainbow 
system (Lowell and Rona, 2002; Allen and Seyfried, 2004). Nevertheless, additional 
geophysical and geochemical data are needed to understand the heat sources of these 
systems.
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Abstract
The Saldanha hydrothermal ﬁeld is hosted atop a maﬁc-ultramaﬁc seamount, located at a 
non-transform offset on the Mid-Atlantic Ridge. Previous observations revealed a ﬁeld where a 
transparent low-temperature ﬂuid discharges through centimetric vents without the formation 
of chimney structures. We present geochemical and stable isotope (O and C) analyses of sedi-
ments collected at this ﬁeld. Most sediments, including some directly sampled at oriﬁce vents, 
are unaltered pelagic oozes with weak hydrothermal overprinting, characterized by Fe-Mn oxy-
hydroxide mineralization with minor amount of Cu-Zn sulphide minerals. One sediment core, 
however, shows much stronger hydrothermal alteration. This core is composed of a matrix of 
serpentine + talc ± chlorite with high porosity where chalcopyrite + sphalerite/wurtzite ± pyrite 
- pyrrhotite and hydrothermal calcite were precipitated. Metal enrichments, REE patterns, and 
the oxygen and carbon isotope composition from hydrothermal calcites indicate that mineraliza-
tion must have occurred in the subsurface by high-temperature ﬂuids, with minor mixing with 
seawater and with a signiﬁcant magmatic contribution. Our data indicate that Saldanha hydro-
thermal ﬂuid discharge is mainly diffuse and of low-temperature, although higher temperature 
hydrothermal ﬂuid activity also occur. We suggest that ﬂuids can ﬂow through main faults at 
the top of the mount and discharge in a more focused way through vent oriﬁces, producing more 
intense hydrothermal alteration of the sediments. At this part of the site a complex hydrothermal 
process occurs, including reactions of the hydrothermal ﬂuids with maﬁc and ultramaﬁc rocks 
and magma degassing, as suggested by carbon isotope analyses on hydrothermal calcites. The 
high ﬂuid temperatures inferred from the geochemistry of the hydrothermal minerals requires 
a signiﬁcant heat input to the system, suggesting an additional magmatic heat source to the al-
ready proposed serpentinization exothermic reactions.
KEWORDS: Saldanha hydrothermal site; stable isotopes; hydrothermal calcite; serpentiniza-
tion heat source

91
IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
IV.1. Introduction
Until recently, submarine hydrothermal activity was thought to be associated prima-
rily with Mid-Ocean Ridges (MOR) and driven by cooling of basaltic or gabbroic rocks. 
However, the discovery of hydrothermal activity associated with exposed serpentinized 
peridotites has added a new perspective to our understanding of seaﬂoor hydrothermal 
processes. The focus on these ultramaﬁc-hosted hydrothermal systems has increased, 
namely in relation to their heat sources (e.g. Fyfe, 1974; Kelley et al., 2001; Bach et al., 
2002; Lowell and Rona, 2002; Schroeder et al., 2002; Früh-Green et al., 2003; Allen 
and Seyfried Jr., 2004; Kelley et al., 2005; Marques et al., 2007), ﬂuid composition (e.g. 
Charlou et al., 2002; Douville et al., 2002; Allen and Seyfried Jr, 2003; Proskurowski et 
al., 2006; Schmidt et al., 2007; Proskurowski et al., 2008), oceanic lithosphere rheology 
and geophysical properties (e.g. Dyment et al., 1997; Escartín et al., 1997; Mevel, 2003), 
hydrothermal sediments and plume particles (e.g. Cave et al., 2002; Edmonds and Ger-
man, 2004; Chavagnac et al., 2006; Dias and Barriga, 2006), and microbial processes 
(Alt et al., 1998; O’Brien et al., 1998; Holm and Charlou, 2001; Kelley et al., 2001; Kelley 
et al., 2005; Brazelton et al., 2006).
Seaﬂoor exposure of serpentinized peridotites is a common feature along slower 
spreading MOR and is especially associated with crustal thinning, with low or intermit-
tent magma supply and with the development of extensional low-angle faults (Cannat, 
1993; Cannat et al., 1995; Escartín et al., 1997; Escartin and Cannat, 1999; Gràcia et al., 
2000; Smith et al., 2006; Dick et al., 2008). The faulting network in these environments 
allows deeper crustal seawater penetration promoting serpentinization through hydra-
tion reactions involving olivine and pyroxene (e.g. Seyfried and Dibble, 1980; Janecky 
and Seyfried, 1986; Wetzel and Shock, 2000; Seyfried Jr et al., 2007).
Several active hydrothermal systems hosted in serpentinized ultramaﬁc rocks have 
been discovered along the Mid-Atlantic Ridge (MAR). They comprise either high-tem-
perature vent ﬁelds with major sulphide deposits, such as Rainbow at 36°14′N (German 
et al., 1996a; Fouquet et al., 1997) and Logatchev at 14°45′N (Bogdanov et al., 1997), or 
lower temperature ﬁelds, such as Lost City at 30°N (Kelley et al., 2001; Früh-Green et 
al., 2003; Kelley et al., 2005) and Saldanha at 36°14’N (Barriga et al., 1998; Dias and 
Barriga, 2006). 
92
IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
In the high-temperature ﬁelds, the hot (up to 400°C) vent ﬂuids are enriched in met-
als and generate black-smoker chimneys on the seaﬂoor. The lower temperature (up to 
90°C) ﬁelds may form carbonate chimneys (e.g. Lost City) or vent oriﬁces without chim-
ney structures (e.g. Saldanha) (e.g. Barriga et al., 1998; Früh-Green et al., 2003; Kelley et 
al., 2005; Dias and Barriga, 2006). Studies on vent ﬂuids derived from ultramaﬁc-hosted 
systems show some differences in ﬂuid chemistry, particularly in H
2
 and CH
4
 contents, 
when compared to basalt-hosted hydrothermal ﬁelds (Kelley et al., 2001; Douville et al., 
2002; Kelley et al., 2005; Schmidt et al., 2007; Proskurowski et al., 2008). On a regional 
scale, the detection of high concentrations of CHB
4B
 and HB
2 B
in the water column along 
slow and ultraslow spreading ridges, released as a result of peridotite-water reactions 
(e.g. Charlou et al., 2002; Seyfried Jr et al., 2007), indicate that hydrothermal systems 
are common in these environments (Charlou et al., 1993; German et al., 1996b; Charlou 
et al., 2002).
The study of hydrothermal sediments is relevant for the understanding of hydrother-
mal processes because sediments, together with massive sulphides and hydrothermally 
altered rocks, are important records of hydrothermal activity (Hannington et al., 1995). 
Sediments associated with hydrothermal processes at MOR have been studied since the 
sixties (Bonatti and Joensuu, 1966; Boström and Peterson, 1966; Bonatti, 1981). After 
these pioneer studies, a great number of geochemical and mineralogical investigations 
have been conducted on ocean ridge hydrothermal sediments. From these, it is now clear 
that hydrothermal sediments have a distinct mineralogical and geochemical signature in 
comparison to normal pelagic sediments (Boström and Peterson, 1969), in particular in 
the metal-rich precipitates (Mills and Elderﬁeld, 1995a). Hydrothermal sediments can 
be formed by direct precipitation from hydrothermal ﬂuids within the sediment; plume 
fall-out or sulphide mass wasting and debris ﬂow admixed with background pelagic, bio-
genic and terrigenous components (Mills and Elderﬁeld, 1995b). The relative proportion 
of the hydrothermal component to the sediment background will determine the intensity 
of the geochemical and mineralogical hydrothermal signature.
The aim of this study is to investigate the down-core variation of hydrothermal al-
teration in sediments collected at the Saldanha hydrothermal ﬁrld. Towards this goal we 
studied the variation in the mineralogy and geochemistry in ten sediment cores. Ad-
ditionally, stable isotope analyses of carbonates were used to constrain the temperature 
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and composition of the hydrothermal ﬂuids. Our investigation focuses extensively on 
one core, SCD7, that presented a much higher degree of hydrothermal alteration than 
the others. These data provide an important basis for understanding the much unknown 
Saldanha hydrothermal system and sheds new light on the hydrothermal processes and 
heat sources driving this site.
IV.2. Geological setting
The Saldanha hydrothermal ﬁeld is located at a non-transform offset (NTO5), be-
tween the FAMOUS and AMAR segments on the MAR (N36° 34’; W33° 26’). The NTO 
is characterized by a series of cross-cutting discontinuous faults with predominant E-W, 
NNW-SSE directions (Gràcia et al., 2000; Parson et al., 2000). A signiﬁcant methane 
anomaly with low TDM (total dissolve manganese) levels was detected in the water 
column above this site during the FLAME, HEAT and FAZAR cruises (Calvert and 
Price, 1970; Charlou et al., 1993; German et al., 1994; German et al., 1996b; Charlou et 
al., 1997; Bougault et al., 1998). This anomaly, together with rock sampling performed 
during the FLORES cruise (Fouquet et al., 1998) that indicated the occurrence of ser-
pentinized ultramaﬁc rocks, were crucial in predicting hydrothermal activity related to 
serpentinization between the FAMOUS and AMAR segments.
The Saldanha ﬁeld was discovered in 1998 during the Saldanha cruise (Barriga et al., 
1998; Dias and Barriga, 2006). The site was revisited in 2001 during the Seahma cruise 
(Barriga et al., 2004) and in 2004 during the CD167 cruise (Sinha et al., 2006). It is a ma-
ﬁc-ultramaﬁc-hosted hydrothermal ﬁeld situated atop of one massif consisting of a 100m 
high semi-circular dome that is slightly elongated in the NNE-SSW direction. Direct ob-
servations during submersible dives and detailed geophysical analyses of this structure 
have revealed that it is disturbed by NE-SW, E-W and WNW-ESE striking faults (Bar-
riga et al., 2003; Miranda et al., 2003). In-situ observations showed that hydrothermal ac-
tivity takes place through diffuse discharge, but more focused vents also exist. The vents 
are scarce and disseminated along the ocean ﬂoor over an area of approximately 400mP2P 
and are characterized by the discharge of a clear ﬂuid through centimeter-sized oriﬁces 
without the growth of chimney-like or other structures. Fluid temperatures measured 
directly at the vent oriﬁces with the ROV Victor during the 2001 Seahma mission were 
94
IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
not higher than 9°C. Because these vents lack a chimney structure, it was not possible to 
introduce the temperature probe inside the oriﬁces and temperature was recorded some 
centimetres above the seaﬂoor. Thus, venting temperatures are likely higher than those 
measured.
Sediments cover around 80% of the massif area and show variable thickness, from 
no sediment cover to almost 1m thickness in the deeper parts around the ﬂanks of the 
Saldanha dome. Bulk sediment analyses of the top sediment layers from cores of the 
1998 Saldanha mission indicate the presence of a minor low-temperature hydrothermal 
component in the background foraminiferal ooze (Dias and Barriga, 2006). Rock sam-
pling as well as submersible observations revealed that Saldanha basement lithologies 
are highly heterogeneous, with serpentinites (mainly harzburgites; Ribeiro da Costa, 
2005) and steatites (talc-bearing serpentinites), as well as metasomatized gabbros and 
Fig. IV.1. (A) High-resolution bathymetry map of Saldanha hydrothermal ﬁeld and surrounding area. 
3-D perspective generated from bathymetric mapping using ArcGis software digital elevation models 
(DEMs); (B) Saldanha map area with sample locations. Geological data (rock samples, hydrothermal 
vents area and main structures) are also projected. (C) Photo from a hydrothermal vent oriﬁce before 
push-core sediment sampling
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basalts, occurring at the massif (Fig. IV.1). Steatites and metagabbros are located essen-
tially at the northern part of the dome in an NE-SW elongated area. Most maﬁc rocks 
show chloritization, siliciﬁcation and epidotization alteration and, locally, precipitation 
of sulphides (Costa, 2001). Breccias formed essentially by metabasalts and metagabbros 
with evident tectonic deformation are also present. Around the Saldanha massif, vol-
canic rocks are the dominant lithology, although SE of the dome serpentinites dominate 
and seem to be related, once again, to NE-SW faults (Fig. IV.1). 
The fault network seems to be linked with the occurrence of the vent oriﬁces and 
with the exposure of altered rocks, especially serpentinites and steatites, suggesting that 
these faults act as pathway for hydrothermal ﬂuid discharge. This is in agreement with 
McCaig et al (2007) who suggest that oceanic low angle faults at slow spreading ridges, 
especially those away from main volcanic zones and hosted in ultramaﬁc rocks, are the 
locus of hydrothermal ﬂuid ﬂow during crustal deformation.
IV.3. Methods
Five sediment cores collected far from the vent area and ﬁve at the vent area during 
the Seahma I (Barriga et al., 2003) and CD167 (Dzhatieva et al., 2005; Sinha et al., 2005; 
Sinha et al., 2006) missions in 2002 and 2004, respectively were studied in this work 
(Fig. IV.1; Table IV.1). Samples from Seahma mission are identiﬁed with a SH preﬁx 
and CD167 samples with a SCD preﬁx. Cores SH63T, SH118T and SH119 were collected 
with the ROV at the vent oriﬁces where temperature measurements were performed. 
Core SH49 was collected in the vent area but not in a vent oriﬁce. Core SCD7 was col-
lected from the vessel with a gravity corer at a location where it was known that the 
vents were highly concentrated, based on the mapping from the previous missions, but 
no direct observations of the ﬁeld or vent temperature measurements were performed 
(see Table IV.1). Two samples (SH63T and SH118T) are labelled with a “T” indicating 
that down-core analyses were not possible and that the several core layers were mixed 
and averaged for analyses. At the SH63T sampling location sediment thickness and core 
recovery was low, which hindered detailed down-core analyses. The SH118T sample was 
capped by a Mn oxide crust and recovered with a spade after crust removal and thus the 
sediment arrived mixed at the surface.  
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After the cores were splitted, one half was archived and the other one was sliced in 
horizontal sections for petrographic and geochemical analyses. Sediment sub-samples 
were dried and impregnated in epoxy resin to prepare polished sections for reﬂected 
and transmitted light microscopy. X-ray diffraction (XRD) analyses of bulk powdered 
sediments and of individual fragments were performed using a Philips PW 1710 dif-
fractometer equipped with a Ni ﬁlter, and CuKα radiation at 40 kV and 49 mA. A pure 
silicon sample holder (PW 1817/32) was used which produces no interferences in the 
diffractograms and allows running small amounts of material. 
Major and minor elements and REE concentrations were determined by inductively 
coupled plasma optical emission spectrometry (ICP-OES), inductively coupled plasma 
mass spectrometry (ICP-MS) and instrumental neutron activation analysis (INAA) (see 
Appendix for further details). Geochemical analyses were carried out at “Activation 
Laboratories, Ltd” (ACTLABS, Ontario, Canada) following standard procedures. The 
standards used by ACTLABS were: SY3, MRG1, W2, DNC1, BIR2, G2, NBS, STM, IF-
G and AC-E, and, speciﬁcally for REE, MAG1, BIR1, DNC1, GXR2, LKSD3, MICA-Fe, 
Table IV.1. Characteristics of the sediment samples used in this study.
Samples Cruise / Sampling method
Core 
recovery 
(cm)
Measured 
T(°C) at the 
vent***
Depth 
(m)
A
w
ay
 f
ro
m
 v
en
ts
 a
re
a SH86 Seahma I, 2002 / ROV “push-corer” 12 - 3658
SH92 Seahma I, 2002 / ROV “push-corer” 12 - 2125
SCD2 CD 167, 2004/ Gravity core 164 - 2350
SCD3 CD 167, 2004/ Gravity core 150 - 2248
SCD8 CD 167, 2004/ Gravity core 91 - 2300
A
t t
he
 v
en
ts
 a
re
a
SH49 Seahma I, 2002 / ROV “push-corer” 11 - 2221
SH63T* Seahma I, 2002 / ROV “push-corer” - 7.8 2677
SH118T*, ** Seahma I, 2002 / ROV “spade” - 9.0 2214
SH119* Seahma I, 2002 / ROV “push-corer” 12 7.6 2213
SCD7* CD 167, 2004/ Gravity core 27 - 2198
* Collected at an oriﬁce vent; ** sample covered  by a Mn crust; *** measured a few centimetres above 
the vents.
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GXR1, SY3, STM and IFG1. The measurement precision for the major oxides was better 
than ±1-2% and for the other elements better than 5-10%. For REE the measurement 
precision was better than 5%.
Stable isotopes (O and C) were measured at the Geological Institute of the ETH in Zu-
rich. Bulk carbonate and crystallized calcites were hand-picked from the bulk sediment 
and analyzed for their O and C isotopic composition by reacting 100 to 200 µg of sample 
with 100% phosphoric acid using a Thermo Instruments Kiel IV carbonate preparation 
device. Isotope ratios were measured on a Thermo Instruments Delta V mass spectrom-
eter and are reported as δ-values in per mil (‰) relative to Vienna Pee Dee Belemnite 
(VPDB) standard. The δP18PO values of calcite on the VPDB scale are converted to the Vi-
enna Standard Mean Ocean Water standard (VSMOW) using the equation of Coplen et 
al. (1983): δP18POB
VSMOWB
 = 1.03091 δP18POB
VPDBB
 + 30.91. Analytical precision based on repeated 
measurements of internal standards was better than 0.07‰ for both C and O. 
Temperatures were calculated using O isotope data from the calcite-water fractiona-
tion curve of Friedman and O´Neil (1977). For seawater an isotopic composition of 0‰ 
relative to SMOW was assumed.
IV.4. Results and discussion
IV.4.1. Sediment description
Three main components were identiﬁed in Saldanha sediments: (1) biogenic and pe-
lagic; (2) locally-derived detritus; and (3) hydrothermal. A qualitative description of the 
major components of each sample is given in Table IV.2 and representative photos are 
presented in Fig. IV.2. All cores were homogeneous from top to bottom, with the excep-
tion of SCD7, and thus a more detailed petrographic description is presented for this 
core. 
Saldanha sediments are mainly pelagic foraminiferal oozes with more than 80% 
carbonate and a small locally-derived detrital component (Fig. IV.2a-b). The SH63T, 
SH118T and SH119 samples, collected directly at vent oriﬁces, show a minor hydro-
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thermal alteration, essentially characterized by Fe-Mn oxyhydroxides (todorokite and 
birnessite) with sporadic small grains of chalcopyrite, sphalerite and pyrite. These three 
samples contain altered ultramaﬁc lithoclasts (primarily steatites and serpentinites) as 
the dominant lithology while the remaining cores collected away from vent oriﬁces have 
maﬁc rocks as the principal detrital component. These compositional features are similar 
to those previously described by Dias and Barriga (2006) for Saldanha sediments. 
Table IV.2. Qualitative petrographic description of the major components from each core. Core SCD7 
was highly heterogeneous down-core and thus a description of each layer is presented for this sample. 
The remaining cores were grouped according to their petrographic similarity. ( ) absent; (-) sporadic; (x) 
rare; (xx) abundant; (xxx) very abundant.
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SH119 x x xx x xxx
SH63T x x xx x xxx
SCD7 (cmbsf)
top x x x xx x
<5 xx x x x x x -
5-7 xx xx - x x x
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17-19 xxx xxx - xx x x -
19-21 xxx xxx - xx x x -
22-23 xxx xx - xx x -
25-27 x xx - x x -
99
IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
Fig. IV.2. (a) Macroscopic view of a whole-core longitudinal section of a representative Saldanha sam-
ple; (b) thin-section photomicrography (crossed-nicols) of foraminiferous oozes with oxyhydroxides; (c) 
macroscopic view of a whole-core longitudinal section of SCD7 sediment; (d and e) sediment background 
where serpentine and talk are visible; (f) hydrothermal calcite; (h) calcite + talc + serpentine; (g and j) 
stockwork-like veining ﬁlled with pyrite (reﬂected light); (h) sphalerite after wurtzite; (i) chalcopyrite 
surrounded by sphalerite; (k) white calcite. Photos d and f were taken with a binocular magniﬁer. Photos e 
and k were taken in a petrographic microscope with transmitted light and g-j with reﬂected light.
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Core SCD7
Core SCD7 yielded the most hydrothermally altered sediment (Fig. IV.2c). The ﬁrst 
5cm contain fragments of metasomatized microgabbros, ﬁne-grained ferromanganese 
oxyhydroxides (< 5%) and sporadic foraminiferal tests with evident dissolution. Below 
this layer the sediment shows clear hydrothermal alteration, with variable detrital frag-
ments and no biogenic constituents. The sediment has a high porosity and is formed, in 
general, by a matrix of serpentine and talc (Fig. IV.2d-e) and, in minor amounts, chlo-
rite, with widespread Cu, Zn and Fe sulphides and calcite (Fig. IV.2f). Variable small 
lithoclasts (<0.5cm) of serpentinites, steatites and metagabbros/metabasalts, most of 
which showing deformation, are distributed throughout the core (Table IV.2). Chromite 
and magnetite occur sporadically as isolated grains or as components of the ultramaﬁc 
lithoclasts.
The sulphide assemblage includes chalcopyrite and sphalerite/wurtzite as the main 
phases and, in smaller amounts, pyrite and pyrrhotite. This is indicative of deposition by 
high-temperature ﬂuids (Fig. IV.2g-j). These phases occur dominantly between 13 and 
21 cmbsf and are deposited in situ as coarse-grained aggregates in open pore spaces and 
ﬁlling stockwork-like veins. Hexagonal euhedral crystals of sphalerite pseudomorphic 
after wurtzite are observed in the 5-7 cmbsf layer. The high concentration of metals such 
as Cu and Zn, implies that high-temperature ﬂuids that interacted with gabbros were in-
volved in sulphide precipitation, as ultramaﬁc-derived ﬂuids are metal-depleted (Schmidt 
et al., 2007). Metals are transported in acid solutions, especially at high temperatures, 
which causes a large increase in metal complex stability (e.g. Vaughan and Craig, 1986). 
Sulphide precipitation, on the other hand, is favoured by lower temperatures and more 
oxidizing conditions (Large, 1992; Hannington et al., 1995). Thus, the cooling of the as-
cending metal-rich ﬂuids and the increase in oxidation conditions closer to the surface, 
decrease the solubility of sulphides and induces their precipitation.
Large white calcite crystals (also analysed by XRD: Fig. IV.3), up to 0.5cm long, 
were observed throughout the core (Fig. IV.2k), although they are more common be-
tween 13 and 21 cmbsf. Calcite shows no evidence for a detrital origin and some grains 
have sulphide precipitation, indicating that calcite precipitated in situ before or at the 
same time as sulphides. Hydrothermal calcite precipitation associated with ore deposits 
has been described in many hydrothermal systems (e.g. Moller et al., 1979; Moller et al., 
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1984; Zheng, 1990; Moller et al., 1991; Zheng and Hoefs, 1993) and is mainly controlled 
by changes in pH and temperature (Fraure, 1986). According to Rimstidt, (1986), hydro-
thermal carbonates can form (1) by mixing of a hot solution with low-temperature ﬂuids; 
(2) through COB
2 
degassing and; (3) by a pH increase which causes carbonate supersatu-
ration. The main source of Ca in hydrothermal calcite is most probably derived from 
hydrothermal ﬂuid interaction with the hosted marine carbonates and from mixing with 
seawater. Hydrothermal ﬂuids may account for additional Ca to form calcites through 
reaction with the underlying maﬁc rocks (e.g. Seyfried et al., 1988).
IV.4.2. Down-core geochemical composition of sediments and principal compo-
nent analysis
IV.4.2.1. Major and trace elements
Chemical compositions determined from bulk sediment analyses are given in the 
Appendix IV.A and B. Two separate principal component analyses (PCA) were also 
conducted for the average chemical composition of the ten cores, one using major oxides 
data and another using trace elements data. The PCAs generated two orthogonal vectors 
Fig. IV.3. Representative X-ray diffractogram of hydrothermal calcite from SCD7 sediment core.
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Fig. IV.4. PCA (Principal Component Analysis) plot of PC1 versus PC2 scores for major oxides (A) and 
trace elements (B). For each sediment core, the average concentration in major oxides or trace elements 
was used in the PCA analyses. The PC1 and PC2 scores for each major oxide and trace element are given 
in the inset graphs.
(PC1 and PC2), which together explain 91% of the variance in the major elements (Fig. 
IV.4A) and 85% of the variance in the trace elements (Fig. IV.4B).
With the exception of core SCD7 and of samples collected directly at the vents, the 
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chemical composition of the Saldanha sediments are generally comparable to average 
pelagic foraminiferal ooze (e.g. Ben Othman et al., 1989; van der Flier-Keller, 1991; 
Plank and Langmuir, 1998). For the major oxides, PC1 accounts for 71% of the variance 
in the data set and the higher positive load of this axis is given by the concentration of 
CaO. With the exception of sample SCD7, CaO is the major oxide in all remaining sam-
ples and other oxides show contents below 4% and are essentially incorporated into clay 
phases. The high concentration of Ca (33.9 ±2.2%) and C (10.4 ± 0.7%) and the positive 
correlation between these two elements across samples (r=0.94, N=9, P<0.001) reﬂects 
the dominant biogenic carbonate component in these sediments. The high negative load-
ing of PC1 in SiOB
2B
, AlB
2B
OB
3B
, FeB
2B
OB
3B
, MgO and TiOB
2B
 reﬂects the presence of serpentine, 
talc and detrital components. Sample SCD7 clearly plots at more negative PC1 values 
than the remaining samples, in accordance with its negligible biogenic component and 
with signiﬁcant contents in serpentine and talc. Calcium concentrations in SCD7 are 
much lower (average = 5.14 ± 2.32%) than in the other cores (average = 33.82 ±2.19%) 
and the strong positive correlation between Ca and C down-core (r=0.99, N=11, P<0.001; 
Fig. IV.5a), together with the fact that foraminiferal tests were not found, indicate that 
the main source of Ca and C in this sediment is hydrothermal calcite. Silica (15.5-22.1%) 
and Mg (12.2-17.7%) are the major elements in the SCD7 sediment. Talc and serpentine 
(and minor chlorite) are the main phyllosilicates and are the principal source of Mg in 
the bulk sediment. Unlike the other samples, down-core Si variations in SCD7 are nega-
tively correlated with Al (SCD7: r=-0.71, N=11, P=0.001; remaining samples: r=0.91, 
N=9, P=0.001), and the Si/Al ratios are particularly high (9.2 to 27 in the 13-27 cmbsf 
layer), suggesting a hydrothermal input of silica in this core. The relatively immobile ele-
ments Ti and Al are present in lithoclasts and are correlated down-core in SCD7 (r=0.99, 
N=11, P<0.001, Fig. IV.5b). The highest contents occur at the top (0-8 cmbsf: Al=6.01-
6.86%; Ti=0.50-0.56%), consistent with the presence of lithoclasts in these layers. Ti 
and Al concentrations decrease signiﬁcantly down-core, with the lowest contents in lay-
ers where hydrothermal components are more abundant (16-21 cmbsf: Al=0.66-1.37%; 
Ti=0.02-0.06%). Below these layers the Ti and Al contents increases again, although 
with a lower concentration than at the top (Al=0.65-2.34%; Ti=0.02-0.08%), and cor-
respond to an increase in detrital constituents. 
Also in the PCA for major oxides, vector PC2 accounts for 19.7% of the variance and 
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has a high positive loading for MnO (Fig. IV.4A). Samples SH63T, SH118T and SH119, 
collected directly at the vent oriﬁces during ROV dives, project at high PC2 values as a 
consequence of higher contents in this oxide (see Appendix IV.A). The higher average 
Mn/Fe ratio in these samples (9.86, 3.41 and 2.42, respectively) reﬂects higher concentra-
tions of hydrothermal oxyhydroxides, which typically precipitate at lower temperatures. 
Of these three cores, analyses of proﬁles with depth were only possible for SH119. This 
core has the highest Mn concentrations at the top (0-6cmbsf), with Mn/Fe ratios ranging 
from 3.0 to 8.1 and decreasing to 0.17 to 0.36 in the bottom layers. This suggests that 
oxyhydroxides precipitate directly at the subsurface due to the cooling and gradually 
more oxidizing conditions due to mixing with seawater. (Krauskopt, 1957). Because FeP2+P 
precipitation is favoured at lower Eh and pH conditions than MnP2+P, the chemical gradi-
ent established during the ﬂuid ascent favours Fe precipitation at deeper layers and Mn 
precipitation closer to the surface leading to the changing Fe/Mn ratios (Boström and 
Fig. IV.5. SCD7 sediment core down-core variation in (a) Ca and C; (b) Al and Ti; (c) Cr, Ni and Co x 10; 
(d) S and Cu+Zn; (e) Cu/Zn, Cu/Fe x 1000 and Zn/Fe x 10000; and (f) Mn/Fe.
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Peterson, 1969; Corliss et al., 1978). 
In the PCA for trace elements SCD7 also projects apart from the other samples (Fig. 
IV.4B). PC1 accounts for 73% of the variance and has high loadings for Fe, Zn, Cu, Ni, 
Co, Cr, V, and Sc. The SCD7 sediment is enriched in these elements compared to the 
other cores and they are essentially incorporated in hydrothermal components, such as 
sulphides, as well as in serpentine and talc. In SCD7 S, Cu, Fe and Zn concentrations 
ﬂuctuate down-core due to the variable proportions of detrital and hydrothermal com-
ponents. In general, their concentration is higher below 9-10 cmbsf and particularly en-
riched between 13-21 cmbsf. Other elements such as Ni, Co and Cr follow the variable 
content of the above metals in the SCD7 core (Fig. IV.5c). Ultramaﬁc rocks have a high 
Cr and Ni concentration, and the presence of these elements in SCD7 may either reﬂect 
the occurrence of ultramaﬁc-derived fragments in the sediment and/or the inﬂuence of 
hydrothermal ﬂuids that circulated through ultramaﬁc rocks. The S and Cu+Zn concen-
trations correlate down-core (r=0.64, N=11, P=0.035) as these elements are incorporated 
in sulphides (Fig. IV.5d). However, effective separation of Cu, Zn, Fe and Mn occurs 
down-core, as revealed by the increasing ratios of Cu/Zn, Cu/Fe and Zn/Fe (Fig. IV.5e) 
and decreasing ratios of Mn/Fe (Fig. IV.5f). Precipitation of Cu followed by Zn and Fe 
and ﬁnally by Mn, from the lower to the upper sediment layers, may be caused by con-
ductive heat lost and a sharp chemical gradient during ascent of the high-temperature hy-
drothermal ﬂuid. Under these conditions, precipitation of Cu-sulphides occurs at depth 
followed by Cu-Zn and Fe sulphides. In contrast to the other studied sediment cores that 
are mainly enriched in Mn, only a slight Mn enrichment is observed at the very top of the 
SCD7 core. We suggest that this is a consequence of the higher ﬂuid oxidation where Mn 
and the remaining Fe (not incorporated into sulphide phases) precipitate to form the rare 
Mn- oxyhydroxides. Vanadium is typically derived from seawater and it shows a slight 
enrichment in the upper layers of SCD7, suggesting seawater mixing and co-precipita-
tion with oxyhydroxides (Feely et al., 1989; German et al., 2002). 
PC2 for trace elements accounts for 12.5% of the variance and has high negative load-
ings for S and U, and reﬂects the principal difference between sediments directly collect-
ed at vent oriﬁces (SH63T, SH119 and SH118T) and those away from the vents. Samples 
directly collected at the vents are enriched in S, present as sulphides. The interaction 
of sulphide with seawater scavenges U from seawater accounting for its enrichment in 
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samples collected at the vents. Sample SH118T projects closer to sediments collected 
away from the vent area. This is the consequence of the Fe-Mn crust that minimized the 
interaction and U-scavenging from seawater at the underlying sediment. Cores collected 
far from the vent area plot at positive values of PC2, reﬂecting the higher contents in V 
and Th. In both the major oxides and trace elements analyses, sample SH49, collected at 
the vent area but away from the vent oriﬁces, plots together with samples collected away 
from the vents (Fig. IV.4A and 4B), indicating a negligible hydrothermal contribution. 
This suggests that hydrothermal precipitation is only signiﬁcant in areas where hydro-
thermal ﬂuid ﬂow is more focused.
IV.4.2.2. Rare earth elements contents
Variation in rare earth elements (REE) concentrations are listed in the Appendix 
IV.C., along with the (La/Sm) B
CNB
, (Gd/Yb)B
CN
, and (La/Yb) B
CNB
 ratios, and the Ce and Eu 
anomalies. REE normalized patterns for chondrites (CN: Taylor and McLennan, 1985) 
are presented in Figure IV.6. With the exception of SCD7, all cores show similar chon-
drite normalized REE patterns with depth and, thus, we have only presented the REE 
Fig. IV.6. Average chondrite-normalized (Taylor and McLennan, 1985) REE values for: (a) 
Saldanha core sediments, deep (1500-2500 m) seawater (Elderﬁeld and Greaves, 1982) and pe-
lagic sediments (Wildeman and Haskin, 1965); (b) SCD7 sediment layers.
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average values for each core (Fig. IV.6a). Samples collected directly at the vent oriﬁces 
(SH118T, SH63T and SH119) have essentially indistinct REE patterns from the remain-
ing cores, exhibiting a depletion in HREE (heavy rare earth elements) and a negative Ce 
((Ce/Ce*) B
CNB
 average = 0.60) and a slightly negative Eu anomaly ((Eu/Eu*) B
CNB
 average= 
0.77). This pattern is comparable with that of pelagic sediments, although with more 
pronounced Ce negative anomalies as consequence of REE scavenging from seawater, 
probably by Fe-Mn oxyhydroxide phases precipitated by low-temperature ﬂuids. These 
signatures are similar to those previously described for other sediments from Saldanha 
site (Dias and Barriga, 2006).
Core SCD7 exhibits distinctive REE patterns, primarily controlled by mineralogy. In 
general, the sediment shows: (1) a decrease of REE values from the top to the base of the 
core; (2) a ﬂat REE pattern with a pronounced negative Eu anomaly and ten times more 
REE contents than chondrite above 8 cmbsf; (3) a positive Eu anomaly with a LREE 
enrichment between 16-21 cmbsf, reﬂecting a hydrothermal contribution; (4) a similar 
pattern below 22 cmbsf as the top layers, although with lower REE concentrations; and 
(5) between 8-16 cmbsf, an evident mixing of REE from layers above and below (Fig. 
IV.6b).
The variation in REE patterns with depth is essentially related to the different propor-
tions of the detrital and hydrothermal components. REE contents decrease down-core 
because hydrothermal components are more abundant in the deeper layers and hydro-
thermal ﬂuids have lower REE concentrations. However, the depletion of REE content 
in the SCD7 core could also be related to the abundance of the assemblage talc + ser-
pentine +/-chlorite that characteristically incorporate minimal quantities of REE in their 
crystal lattice (Gillis et al., 1992). In the deeper layers, especially between 13-21 cmbsf, 
the distinct hydrothermal REE signature reﬂects the higher amounts of sulphides and 
hydrothermal calcite in a talc and serpentine background and a lower amount of detritus. 
The positive Eu anomaly ((Eu/Eu*) B
CNB
 =1.30-1.68) with a LREE enrichment between 
16-21 cmbsf agrees with mineral precipitation from a high-temperature ﬂuid (>250°C) 
under highly reducing conditions and high ClP-P contents (Sverjensky, 1984; Michard, 
1989; Klinkhammer et al., 1994; Allen and Seyfried Jr, 2005). Europium anomalies of 
comparable magnitude were described for hydrothermal sediments from high tempera-
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ture hydrothermal ﬁelds such as TAG (Fig. IV.7) where the (Eu/Eu*)B
CNB
 average varies 
between 1.57 and 1.76 (German et al., 1993; Mills et al., 1993). 
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Fig. IV.7.  Chondrite-normalized (Taylor and McLennan, 1985) REE pattern from the SCD7 sediment 
layers with stronger hydrothermal signatures. Patterns from Rainbow hydrothermal ﬂuids (Douville et 
al., 2002), as well as average values from TAG metalliferous sediments (German et al., 1993) and from 
TAG hydrothermal deposits (Mills and Elderﬁeld, 1995b) are also presented for comparison.
The ﬂat pattern with a negative Eu anomaly recorded in layers above 8 cmbsf and be-
low 22 cmbsf seems to correlate to the presence of talc. Studies of talc from abyssal peri-
dotites recovered on ODP Leg 209 (Mid-Atlantic Ridge 15°20’N) indicated  pronounced 
negative Eu anomalies and ﬂat to LREE enriched patterns (Paulick et al., 2006).
A comparison of the SCD7 REE pattern with those described for hydrothermal ﬂu-
ids (Fig. IV.7) further supports our interpretation that the enrichment in LREE and the 
pronounced positive Eu anomaly in this core are derived from hydrothermal ﬂuids. REE 
components derived from unaltered seawater in this core are low, as suggested by the 
low negative Ce anomaly. 
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IV.4.3. Stable isotope geochemistry
Oxygen and C isotope analyses of carbonates for the three cores collected directly at 
the vent oriﬁces (SH63T, SH118T and SH119), for core SCD7 and for two cores collected 
away from the vent area (SH92 and SCD8) are presented in Table IV.3 and in Figure 
IV.8. The majority of Saldanha bulk carbonates have δP18PO(VSMOW)
 B
values ranging 
from 30.2 to 34.2‰, reﬂecting a dominant pelagic carbonate source. 
Sample SCD7 shows much lower δP18PO values, ranging from 12.7 to 16.0‰, which 
point to high-temperature alteration with calculated temperatures in the range of 112 to 
150°C. Isotopic analyses of isolated hydrothermal calcite crystals in sample SCD7 yield-
ed δP18PO
(VSMOW)
 values of 6.6-11.6‰. Assuming a δP18PO for the water of 0‰, these values, 
indicate precipitation temperatures up to 260°C, consistent with the high temperatures 
(>250°C) indicated by sulphide precipitation in this core. 
All samples, with the exception of SCD7 and layers between 8-14 cmbsf of SCD8, 
show δP13PC values from -0.2 to 0.5‰, in the range of normal marine carbonates (-1 to 2‰; 
Ohmoto, 1986; Ohmoto and Goldhaber, 1997). The SCD7 sample shows a clear deple-
tion in P13PC, with δP13PC values ranging from -4.3‰ to -1.4 in the bulk sediment and from 
-3.3 to -0.6‰ in isolated calcites (Table IV.3). 
A plot of δP13PC vs. sδP18PO (Fig. IV.8) show that Saldanha sediments, except SCD7, plot 
in the ﬁeld for normal marine carbonates with values close to pelagic limestone from 
Lost City (Früh-Green et al., 2003). SCD7, on the other hand, plots close to ﬁelds de-
ﬁned for hydrothermal calcites associated to Zn-Pb sulphide deposits from San Vicente 
(Peru) (Fig. IV.8). This is consistent with a magmatic CO
2 
component derived from the 
hydrothermal ﬂuids that precipitated calcites in SCD7, as calcite veins in the San Vice-
nte deposit formed as consequence of CO
2
 degassing and concomitant pH increase of a 
slightly acid ore ﬂuid (Spangenberg et al., 1996). In agreement, δP13PC values described 
for SCD7 shows depleted δP13PC values indicating the addition of 13C-depleted carbon. 
One possibility is a contribution from magmatic-derived hydrothermal ﬂuids containing 
mantle carbon with a δP13PC range from -8 to -3.4‰ (e.g. Taylor, 1986; Gerlach and Taylor, 
1990; Zheng and Hoefs, 1993; Hoefs, 1997; Ohmoto and Goldhaber, 1997). Alternatively 
C derived from the oxidation of sedimentary organic C and/or hydrothermal methane 
are also possible. With the available data it is not possible to unequivocally distinguish 
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Table IV.3. Stable isotope compositions of Saldanha bulk sediment samples and of hydrothermal calcite 
isolated from sample SCD7. Temperature estimates for each sample are also presented.
cmbsf δ18O
(VPDB)
δ18O
(VSMOW)
δ13C
(VPDB)
T (°C)(1)
Bulk sediment 
SH63T 1.0 31.9 0.4 12
SH92 2-3 1.1 32.0 -0.2 11
6-7 1.2 32.2 0.0 10
10-11 1.7 32.6 0.3 6
SH118T 0.7 31.6 0.2 13
SH119 2-3 0.9 31.9 -0.1 12
4-5 1.6 32.6 -0.2 9
6-7 2.2 33.2 -0.2 7
8-9 1.5 32.4 -0.2 10
SCD7 7-8 -14.5 16.0 -2.0 112
9-10 -16.6 13.8 -4.2 136
11-13 -17.6 12.7 -2.5 150
16-17 -15.6 14.8 -2.4 125
19-21 -15.8 14.6 -3.3 126
22-23 -15.0 15.5 -4.0 117
25-27 -17.2 13.2 -1.4 144
SCD8 0-2 2.0 33.0 0.0 7
4-6 1.9 32.8 0.1 8
8-10 -0.1 30.8 -4.5 16
12-14 -0.6 30.2 -6.4 19
20-22 1.9 32.9 0.3 8
40-42 3.2 34.2 0.5 3
88-90 2.1 33.1 0.1 7
Calcite     
SCD7 6-8 -23.6 6.6 -3.3 269
9-10 -21.6 8.6 -2.7 219
11-13 -21.0 9.3 -1.8 206
13-16 -21.3 9.0 -3.1 212
16-17 -21.9 8.3 -1.7 226
17-19 -18.7 11.6 -0.9 165
19-21 -20.8 9.5 -0.6 202
22-23 -20.1 10.2 -1.3 188
23-25 -21.0 9.3 -0.8 205
25-27 -21.8 8.5 -1.5 222
(1) Temperature estimation was based on the calcite-water fractionation factor of Friedman and O’Neil 
(1977), assuming a seawater δ18O
(SMOW)
 value of 0‰.
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between these alternatives. However, the lack of strongly negative values as observed for 
example in the sediments from the Guaymas basin, suggests that the mantle C may be a 
more likely source.
In high temperature hydrothermal systems degassing of magmatic COB
2B
 is a major 
source of C in hydrothermal ﬂuids (e.g. Proskurowski et al., 2004) and could be an effec-
tive process leading to the precipitation of calcite (Zheng, 1990). The SCD7 down-core 
Fig. IV.8. Plot of δ13C vs. δ16O values of Saldanha sediments and hydrothermal calcites. For comparison, 
values of hydrothermal calcites associated to ore forming hydrothermal systems (Zn-Pb deposits from St 
Vicent, Peru: Spangenberg et al., 1996; Guayamas Basin: Peter and Shanks, 1992), and carbonates from 
Lost City (Früh-Green et al., 2003) are also projected. Also represented are ranges of C and O isotopic 
values for marine limestones (Ohmoto, 1986; Ohmoto and Goldhaber, 1997), magmatic ﬂuids and mantle 
degassing (Anderson and Arthur, 1983; Taylor, 1986; Gerlach and Taylor, 1990; Zheng and Hoefs, 1993; 
Hoefs, 1997s), and hydrothermal ﬂuids from Rainbow and Logatchev (Charlou et al., 2000), Lost City 
(Proskurowski et al., 2008) and from Guayamas Basin sedimented system (Welhan and Lupton, 1987).
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variation in the isotopic composition of calcites may reﬂect the interaction of carbonate 
ooze with the hydrothermal ﬂuid or different degrees of mixing of ﬂuids with different 
isotopic compositions (hydrothermal ﬂuids and fresh seawater).
Hydrothermal ﬂuids from Logatchev and Rainbow have similar δP13PC signatures of 
CO
2
 as those recorded at SCD7 (see Fig. IV.8) and are considered systems with seawater 
circulation through ultramaﬁc basement rocks but with a magmatic contribution (Char-
lou et al., 2002; Douville et al., 2002). Because Saldanha has similar basement litholo-
gies and lies in a similar geologic framework, we can envision a similar origin of the 
hydrothermal ﬂuids as those at Logatchev and Rainbow. In Lost City, on the other hand, 
abiotic methane associated with serpentinization processes is the primary source of car-
bon in the ﬂuids (CO
2
 is negligible) and no magmatic contribution to the ﬂuid composi-
tion has been documented (Früh-Green et al., 2003; Kelley et al., 2005; Proskurowski 
et al., 2008). However, on the basis of stable isotopes alone, the source of carbon in the 
hydrothermally altered Saldanha sediments remains equivocal. 
Core SCD8, collected far from the summit, reveals a wide range of δP13PC values for 
the bulk sediment, ranging from typical marine sediment values to values as low as -
6.5‰ in layers between 8-14 cmbsf (Table IV.3). Although in this sediment there is no 
other clear geochemical evidence for hydrothermal activity, the δP13PC values in these 
layers could indicate minor hydrothermal overprinting. This is consistent with oxygen-
isotope derived temperatures, which are highest (16 to 18°C) in those layers. If these sig-
natures are related to hydrothermal activity, this suggests a contribution by lateral ﬂow 
of hydrothermal ﬂuids at depth or earlier episodes of hydrothermal activity far from the 
Saldanha vent area. Further analyses from samples collected in that area are necessary 
to better constrain the origin of the hydrothermal component. 
IV.5. Conclusions
The Saldanha sediments are dominated by biogenic carbonate with variable detrital 
components and with a minor hydrothermal input. In general, hydrothermal phases are 
derived from low-temperature hydrothermal ﬂuids and are characterized by Mn and Fe 
oxyhydroxides and minor amounts of sulphide precipitates. The exception to this pattern 
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is the SCD7 sediment core that records strong hydrothermal overprinting and a negligi-
ble biogenic fraction.
Geochemical and isotopic analyses on the SCD7 core suggest mineral precipitation 
from high-temperature (>250°C) ﬂuids. The SCD7 down-core variation in Cu/Zn, Cu/
Fe, Zn/Fe and Mn/Fe ratios is consistent with an effective separation of these metals 
during gradual cooling, and concomitant Eh and pH modiﬁcations, as discharging high-
temperature ﬂuids interact with the background sediment and mix with seawater. This 
promotes the precipitation of Cu-sulphides at depth, followed by Cu-Zn and Fe sulphides 
and of Fe-Mn oxyhydroxides at the top. The sulphide assemblage recorded in this core 
(chalcopyrite + sphalerite/wurtzite ± pyrite - pyrrhotite) and the observed positive Eu 
anomaly associated with LREE enrichments are consistent with precipitation from high-
temperature ﬂuids and with interaction of the hydrothermal ﬂuid with maﬁc rocks. In 
accordance, O and C isotopic data from SCD7 carbonates indicate that high-temperature 
ﬂuids (up to 260°C) have been involved in their precipitation, controlled by changes of 
Eh, pH and temperature of the ﬂuid during interaction with the hosted carbonated oozes 
with variable mixing with seawater. The low values of δP13PC of this core also point to a 
magmatic and/or biogenic carbon component in hydrothermal ﬂuids in Saldanha system. 
Degassing processes may be the principal source of COB
2
 to the Saldanha ﬂuids although 
CH
4
 produced through serpentinization reactions may also be present, as is observed in 
the Logatchev and Rainbow ﬂuid compositions.
Taken together, the data suggests that the Saldanha system mineralization occurs at 
the subsurface by interaction of hydrothermal ﬂuids with the sediment cover and seawa-
ter. However, higher amount of sulphide phases and hydrothermal calcite precipitation 
with less-pronounced scavenging processes of seawater derived elements in the SCD7 
sediment core suggest more focused and higher temperature ﬂuid ﬂow, which is likely 
related to the fault network in the Saldanha area. Convective heat loss may be less in 
channelled ﬂuids and could be released at the seaﬂoor with much higher temperatures 
than those directly measured at the vent oriﬁces where samples SH63T, SH118T and 
SH119 were collected. The exposure of serpentinites and steatites within the Saldanha 
massif also appears to be linked with the faulting network. It is thus possible that sea-
water descends through the crust reacting with maﬁc rocks and ascends along the faults 
atop of the massif, now reacting with ultramaﬁc rocks. This could also explain the domi-
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nance of serpentine-talc with variable fragments of hosted metassomatized and tectoni-
cally deformed lithoclasts in SCD7 core as these could have been transported upwards 
through the fault scarp. Thus, a convective hydrothermal circulation system in Saldanha 
ﬁeld, with hydrothermal  precipitation in the subsurface and discharge zone at the top of 
the Saldanha mount seems likely.
The high-temperature mineral assemblage of SCD7 sediment core suggests that the 
heat source for the Saldanha hydrothermal system is most probably magmatic, although 
heat derived by lithospheric cooling and by serpentinization exothermic reactions may 
also contribute to the system. 
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IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
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IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
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IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
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IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
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IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
A
pp
en
di
x 
IV
.C
 -
 R
ar
e 
ea
rt
h 
el
em
en
ts
 (
E
E
) 
co
m
po
si
ti
on
 in
 S
al
da
nh
a 
se
di
m
en
t c
or
es
.
E
le
m
en
t:
L
a
C
e
P
r
N
d
Sm
E
u
G
d
T
b
D
y
H
o
E
r
T
m
Y
b
L
u
La/Sm
Gd/Yb
La/Yb
Ce/Ce*
Eu/Eu*
U
ni
ts
:
pp
m
pp
m
pp
m
pp
m
pp
m
pp
m
pp
m
pp
m
pp
m
pp
m
pp
m
pp
m
pp
m
pp
m
D
. L
.
0.
05
0.
1/
0.
05
*
0.
02
0.
05
0.
01
0.
00
5
0.
01
0.
01
0.
01
0.
01
0.
01
0.
00
5
0.
01
0.
00
2
 M
et
ho
d:
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
F
U
S-
 
M
S
(c
ho
nd
ri
te
 n
or
m
al
iz
ed
 v
al
ue
s)
At the vents area
SH
49
SH
49
 (
0-
2)
7.
7
9.
7
1.
68
6.
44
1.
51
0.
39
3
1.
56
0.
25
1.
52
0.
31
0.
88
0.
12
2
0.
73
0.
10
5
3.
21
1.
73
7.
14
0.
61
0.
78
SH
49
 (
3-
4)
8.
3
10
.4
1.
84
6.
99
1.
63
0.
39
1
1.
64
0.
28
1.
65
0.
33
0.
97
0.
12
9
0.
70
0.
11
7
3.
22
1.
90
8.
04
0.
60
0.
72
SH
49
 (
5-
6)
7.
8
9.
8
1.
70
6.
81
1.
45
0.
38
3
1.
60
0.
27
1.
59
0.
32
0.
88
0.
12
0
0.
72
0.
10
9
3.
38
1.
80
7.
30
0.
61
0.
77
SH
49
 (
7-
8)
7.
8
10
.0
1.
75
6.
48
1.
43
0.
39
1
1.
61
0.
26
1.
58
0.
32
0.
89
0.
12
3
0.
76
0.
11
1
3.
44
1.
72
6.
94
0.
61
0.
78
SH
49
 (
9-
10
)
8.
1
10
.7
1.
85
6.
81
1.
44
0.
41
7
1.
63
0.
28
1.
60
0.
33
0.
96
0.
13
5
0.
80
0.
11
7
3.
55
1.
65
6.
86
0.
63
0.
83
A
ve
ra
ge
8.
0
10
.1
1.
76
6.
71
1.
49
0.
39
5
1.
61
0.
27
1.
59
0.
32
0.
92
0.
12
6
0.
74
0.
11
2
3.
36
1.
76
7.
26
0.
61
0.
78
SD
0.
3
0.
4
0.
08
0.
24
0.
08
0.
01
3
0.
03
0.
01
0.
05
0.
01
0.
05
0.
00
6
0.
04
0.
00
5
0.
14
0.
09
0.
47
0.
01
0.
04
At the vents area
SH
63
 T
SH
63
 T
5.
3
6.
5
1.
14
4.
18
0.
96
0.
26
8
1.
13
0.
18
1.
07
0.
21
0.
62
0.
08
5
0.
48
0.
07
3
3.
50
1.
91
7.
52
0.
59
0.
78
SH
63
 T
re
p
5.
3
6.
2
1.
11
4.
17
0.
95
0.
25
7
1.
06
0.
18
1.
00
0.
21
0.
60
0.
08
5
0.
51
0.
07
4
3.
48
1.
68
6.
96
0.
58
0.
78
A
ve
ra
ge
5.
3
6.
4
1.
13
4.
18
0.
96
0.
26
3
1.
10
0.
18
1.
04
0.
21
0.
61
0.
08
5
0.
50
0.
07
4
3.
49
1.
80
7.
24
0.
59
0.
78
SD
0.
1
0.
2
0.
02
0.
01
0.
01
0.
00
8
0.
05
0.
00
0.
05
0.
00
0.
01
0.
00
0
0.
02
0.
00
1
0.
02
0.
16
0.
40
0.
01
0.
00
124
IV. Geochemical constraints on high-temperature activity at Saldanha ﬁeld
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Abstract
Hydrothermal sediment mineralogy and geochemistry can provide insights into seaﬂoor 
mineralization processes and changes through time. We report a geochemical investigation of 
a short (22 cm) near-vent hydrothermal metalliferous sediment core from the Lucky Strike site 
(LS), on the Mid-Atlantic Ridge (MAR). The sediment was collected from the base of an active 
white smoker vent and comprises pure hydrothermal precipitates, mainly chalcopyrite, sphaler-
ite, pyrite and barite, with negligible detrital and biogenic inputs. Geochemically, the core is 
enriched in elements derived from high-temperature hydrothermalism (Fe, Cu, Zn and Ba) and 
depleted in elements derived from low-temperature hydrothermalism (Mn), and metasomatism 
(Mg). The U/Fe content ratio is elevated, particularly in the deeper parts of the core, consist-
ent with uptake from seawater associated with sulphide alteration. Rare earth elements (REE) 
concentrations are low and chondrite-normalized patterns are characteristic of hightemperature 
vent ﬂuids with an enrichment in light REE and a pronounced positive Eu anomaly. A stronger 
positive Eu anomaly associated with higher La
n
/Sm
n
 at the core top is controlled by barite pre-
cipitation. The hydrothermal inﬂuence on the REE decreases down core with some evidence for 
a stronger seawater inﬂuence at depth. Nd isotopes also exhibit an increased detrital/seawater 
inﬂuence down core. Pb isotope ratios are uniform and plot on the Northern Hemisphere Refer-
ence Line in a small domain deﬁned by LS basalts and exhibit no detrital or seawater inﬂuence. 
Lucky Strike sediments are derived from high-temperature mineralization and are overprinted 
by a weak seawater-sediment interaction when compared with other Atlantic hydrothermal sites 
such as TAG. The larger seawater input and/or a larger detrital contribution in deeper layers can 
be explained by variable hydrothermal activity during sediment formation, suggesting different 
pulses in activity of the LS hydrothermal system.
Keywords: Lucky Strike hydrothermal ﬁeld; Hydrothermal sediment; Pb and Nd isotopes; Ge-
ochemistry; MAR; White smokers
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V.1. Introduction
Seaﬂoor hydrothermal processes are a major control on heat ﬂux and the chemical 
and isotopic composition of the ocean crust and seawater (Hart, 1984; Alt, 1995), and 
lead to heat and chemical transfer from the interior of the earth to the ocean (Edmond 
et al., 1979; Mottl and Wheat, 1994; Kadko et al., 1995; Elderﬁeld and Schultz, 1996). 
The products of hydrothermal activity at mid-ocean ridge spreading centres are altered 
crustal rocks, massive sulphides and metalliferous sediments (Hannington et al., 1995).
Circulation of the seawater downward through the ocean crust results in high-temper-
ature chemical reactions between seawater and rocks. In basalt hosted high-temperature 
hydrothermal systems, seawater loses Mg2+, SO
4
2− and OH− during water-rock interac-
tions, while H+ ions are generated. These acid and heated ﬂuids cause intensive leaching 
of host rock and generate a modiﬁed high-temperature ﬂuid enriched in some elements 
(e.g., Fe, Mn, Cu, Zn, Si) and depleted in others (e.g., U, Mg). The high temperature 
hydrothermal ﬂuid is buoyant and rapidly ascends through ocean crust upﬂow zones 
and is vented into the overlying seawater (e.g. Lupton, 1995; Elderﬁeld and Schultz, 
1996). Hydrothermal vent ﬁelds occur at discrete intervals along the spreading centre 
and consist of a dynamic population of active vents, toppled sulphide debris intermixed 
with crustal rocks. Close to the hydrothermal vent discharge sites, the intense mixing 
between seawater and hydrothermal ﬂuids result in strong gradients in redox, Eh, pH and 
temperature within the surrounding debris pile, that promote the precipitation of metal 
rich-sulphides and oxides (Edmond et al., 1982; German et al., 1993;Mills et al., 1993; 
Lupton, 1995; Mills and Elderﬁeld, 1995a; Feely et al., 1998; Metz and Trefry, 1998). 
Hydrothermal sediments in the vicinity of active vents sinks for elements leached from 
the underlying rocks. Metalliferous sediments have been demonstrated to form via three 
processes: (1) sulphide mass wasting and debris ﬂow, (2) plume formation, dispersal and 
fall-out and, (3) low-temperature ﬂuid ﬂow and mineralization (Dymond, 1981; Metz et 
al., 1988; German et al., 1993; Mills et al., 1993; Mills and Elderﬁeld, 1995a). The rela-
tive importance of these three processes controls the impact of hydrothermalism on the 
local environment, and ultimately the fate of the vent site mineralization on the seaﬂoor. 
For example, at the TAG hydrothermal site (26°N, Mid-Atlantic Ridge) a signiﬁcant ac-
cumulation of sulphide mineralization has occurred along the eastern rift valley wall 
resulting in extensive debris ﬂows intermixed with plume fall-out (Mills et al., 1993). 
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Other sites such as Broken Spur (29°N, Mid-Atlantic Ridge) consists of little or no sedi-
ment cover with active chimney growth leading to small lenses of sulphide debris but no 
mound generation (Lukashin et al., 2000).
The Lucky Strike (LS) hydrothermal site (Langmuir et al., 1997) is located on the 
Mid-Atlantic Ridge (MAR) at 37°N. The geochemistry and isotopic composition of LS 
basalts, vents, slabs and vent ﬂuids have been investigated in some detail (Costa et al., 
1995; Klinkhammer et al., 1995; Costa et al., 1997; Langmuir et al., 1997; Von Damm et 
al., 1998; Charlou et al., 2000; Cooper et al., 2000; Rouxel et al., 2004). LS basalts are 
enriched in incompatible elements compared with other MAR sites (e.g. TAG, Broken 
Spur). This inﬂuences the composition of LS vent ﬂuids, which are enriched in Ba and 
in light rare earth elements (LREE, Langmuir et al., 1997). As a consequence, vent site 
mineralization contains abundant barite, atypical for MAR sites. LS hydrothermal de-
posits were classiﬁed by Rouxel et al. (2004) into three types based on vent structures, 
mineral abundance and zonation. Type A deposits (Curich) precipitate directly from 
black smokers formed at a high temperature (T>300 °C). These chimneys are domi-
nated by chalcopyrite and anhydrite within the inner and outer walls, respectively, with 
minor sphalerite and pyrite/marcasite. Type B deposits (Fe-Ba-rich) are formed as a 
consequence of low-temperature discharges (chimneys and diffusers), characterized by 
low velocity and metal-depleted ﬂuids. The major minerals that form in these deposits 
are Fe sulphides and barite. Type C deposits (Ba-Zn-rich) are formed near the base of 
spires, where hydrothermal ﬂuids with temperatures between 180 °C and 220 °C become 
trapped under horizontal structures. Type C deposits are characterized by abundant bar-
ite that constitutes the matrix of sulphide minerals, with sphalerite being the dominant 
sulphide phase.
Previous studies of LS sediments have described and mapped sediment distribution 
at the site (Langmuir et al., 1997; Ondréas et al., 1997; Humphris et al., 2002; Barriga et 
al., 2003), although no elemental and isotopic analyses of the sediments have been per-
formed. Thus geochemical data for LS vent ﬂuids and basalts are available but there is no 
information on LS sediment geochemistry. In order to ﬁll this gap, the mineralogy, geo-
chemistry and Pb and Nd isotopic composition of a near-vent sediment core from LS hy-
drothermal site was studied. The sedimentary data are compared with published data for 
LS hydrothermal ﬂuids and basalts in order to understand the interaction between these 
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three reservoirs. Relevant geochemical data from other hydrothermal sediments were 
also used for comparison in order to interpret hydrothermal processes ongoing at LS 
and assess the history of hydrothermalism at this site. Therefore this study contributes to 
the understanding of hydrothermal processes by integrating geochemical sediment data 
with published data from active vents and basalts from LS hydrothermal ﬁeld.
V.2. Geological setting
The LS hydrothermal ﬁeld is located 600 km south of the Azores (Fig. V.1), between 
the Pico (38°N) and Oceanographer Fracture Zones (35°50’N). This section comprises 
six second order segments, referred to as PO1 to PO6, separated by left lateral non-
transform offsets (NTOs; Fig. V.1) (Parson et al., 2000). The LS second order segment 
Fig. V.1. Area between the Pico Fracture Zone (PFZ) and the Oceanographer Fracture Zone (OFZ) along 
the Mid-Atlantic Ridge (MAR), south of the Azores Triple Point (ATZ) showing the Lucky Strike seg-
ment (PO1) and hydrothermal ﬁeld.
140
V. Geochemistry of Lucky Strike hydrothermal sediments
(37°17′N; 32°17′W), extends for 65 km with a constant width of about 11-12 km and the 
axial seaﬂoor depth varies between 3000 and 1500 m. The crustal thickness along the LS 
segment was estimated by Detrick et al. (1995) to be 9 km. This is substantially thicker 
than normal ocean crust, and similar to the 10 km model crustal thickness estimated 
for the centre of the Azores platform (Sinha and Louden, 1983), reﬂecting the inﬂuence 
of the Azores hot spot. The most dominant feature of the LS segment is a prominent 
seamount in the centre of the rift valley. The seamount, at 37° 17’N, has an area of ap-
proximately 50 km2 and consists of three cones rising 150 m above a central depression 
where a lava lake is located (Fouquet et al., 1995).
Hydrothermal activity at LS surrounds the lava lake (Fig. V.2) and is characterized by 
active and inactive vents, ﬂanges and diffuse activity (Fouquet et al., 1995; Langmuir et 
al., 1997; Cooper et al., 2000; Humphris et al., 2002; Barriga et al., 2003).
The Northern region of the site is characterized by scarce sediment coverage and 
consists mainly of (1) low-temperature (<200 °C) diffuse ﬂow and ﬂanges formed es-
sentially by barite, pyrite and sphalerite; (2) inactive vents formed by pyrite, chalcopy-
Fig. V.2. Bathymetric map of Lucky Strike site area showing the location of the L151 sediment core (star). 
The hydrothermal vents adjacent to the L151 core location are also shown. White smokers are identiﬁed 
by white text boxes and black smokers by black text boxes.
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rite, atacamite and nontronite and; (3) active vents (e.g. Statue of Liberty and Sintra) 
with ﬂuid temperatures ranging from 157 to 212 °C, lined with marcasite and minor 
amounts of chalcopyrite and sphalerite. The outer walls of these chimneys are composed 
by marcasite, barite and sphalerite. The Southern region has the most focused ﬂow with 
high-temperature (300-333 °C) black smoker vents (e.g. Eiffel Tower, Markers 5-7 and 
2607-8 vents). The interior of the chimneys walls consists of massive chalcopyrite and 
sphalerite and the outer walls by pyrite and minor amounts of sphalerite and marcasite. 
Some vents also have bornite, covellite, digenite, amorphous silica and barite (Langmuir 
et al., 1997). In this area, LS hydrothermal deposits consist mainly of high-temperature 
sulphide minerals such as chalcopyrite, sphalerite and pyrite, but other minerals such as 
barite and anhydrite also occur. The area between the more vigorous black smokers is 
characterized by inactive vents and diffuse ﬂow, as well as by active white smokers (e.g. 
Mário Soares, Tony Blair and Isabel vents) with ﬂanges formation that grow through 
sulphide deposits and slabs. The Southern region, especially between the two volcanic 
summits, is where the sedimentary cover is most signiﬁcant and where the sediment core 
studied in this work was collected.
V.3. Sampling and methods
Sampling was carried out in the MOMAR region, during SEAHMA cruise (Barriga 
et al., 2003) in July 2002. A 30 cm “push-corer” deployed by ROV Victor recovered a 22 
cm core (herein referred to as L151) of hydrothermal sediment. The core did not suffer 
any apparent modiﬁcation during sampling and was collected intact and stored vertically 
until subsectioning.
During the ROV Victor dive several vigorously active white smoker vents and ﬂuid 
diffusers were observed. To ensure that the collected sediment could be related to specif-
ic LS hydrothermal feature, a sedimented area in close vicinity to the vents was selected 
for sampling. The core was collected in an area located between slabs, at the base of 
Mário Soares vent (37°17.41′N; 32°16.58′W), an area characterized by low-temperature 
(103 °C, measured during SEAHMA cruise) white smoker vents and diffuse activity. 
The nearest black smoker vents are located 300 m northeast (Sintra and Statue of Lib-
erty) and 200 m southeast (Eiffel Tower) of the coring site (Fig. V.2). The core was split 
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longitudinally and the working half sliced into 2-cm horizontal sections for petrographic 
and geochemical analyses. Sediment sub-samples were impregnated in epoxy resin and 
polished for mineral identiﬁcation by reﬂected and transmitted light microscopy.
Major, minor and REE concentrations were determined by inductively coupled plasma 
optical emission spectrometry (ICP-OES), inductively coupled plasma mass spectrom-
etry (ICP-MS) and instrumental neutron activation analysis (INAA) (Appendix V.A). 
Geochemical analyses were carried out at “Activation Laboratories, Ltd” (ACTLABS, 
Ontario, Canada) following standard procedures. The standards used were: SY3,MRG1, 
W2, DNC1, BIR2, G2, NBS, STM, IF-G and AC-E; and for REE: MAG1, BIR1, DNC1, 
GXR2, LKSD3, MICA-Fe, GXR1, SY3, STM and IFG1. The precision was better than 
±1-2% for major oxides, 5% for REE and 5-10 % for the other elements.
Radiogenic isotopes (Pb and Nd) were measured at the National Oceanographic Cen-
tre, Southampton (NOCS). 0.25 g of dried, powdered sample was digested by a four-step 
procedure: (1) 6 M HCl; (2) a mixture of 3 ml HCl and 1 ml of HNO
3
; (3) 3 ml HF and, 
ﬁnally, (4) 1.5 ml HBr. At the end of each digestion step the samples were dried on a hot-
plate. Separation of Pb isotopes was achieved using a routine column ion-exchange tech-
nique, where cations including Nd, Sr, Hf, and Zn were ﬁrst removed using a mixture of 
0.25 M HBr+0.5 M HNO
3
, followed by elution of Pb from the column with 6 M HCl.
For the Nd isotope analyses, the solution recovered from the Pb columns was dried 
down in a Teﬂon vial and the residue was dissolved in 2 ml 2.2 M HCl before separa-
tion on the Nd columns. Nd was separated using a routine two column ion-exchange 
technique, which ﬁrst extracts REE through a cation exchange column using 6 M HNO
3
, 
followed by a separation of Nd through a second column, using 6 M HCl.
Nd and Pb isotopes were measured on a Micromass IsoProbe MC-ICP-MS. Nd iso-
tope ratios were determined as the average of >80 ratios by measuring ion intensities 
in static collection mode. Average ion beam intensities were >2.0×10−11A 144Nd for all 
measurements. Isotope ratios were normalized to 146Nd/144Nd=0.7219. The measured 
value for JNdi during this study was 143Nd/144Nd=0.512042±16 (n=11) during the run 
period and samples were corrected to JNdi=0.512115. Lead isotopes were corrected for 
mass bias using a Tl-spike. Reproducibility of NBS 981 (±2σ; n=16) for 206Pb/204Pb, 
207Pb/204Pb and 208Pb/204Pb was better than 0.0072, 0.0040 and 0.0120, respectively. Pb 
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blanks were <50 pg and are considered negligible. The εNd(0) values were determined 
by comparison to the chondritic uniform reservoir (CHUR) for the present day, where 
(143Nd/144Nd)
CHUR
=0.512638.
V. 4. Results and discussion
V.4.1. Petrographic description
The L151 sediment core consists of greyish unconsolidated sediment comprising mil-
limeter-sized sulphide and sulphate grains. Petrographic observations (Table V.1) reveal 
that the mineralogy is dominated by sphalerite, chalcopyrite, pyrite and barite. Barite 
is the most abundant mineral in the upper layers (0-5 cm below seaﬂoor (cmbsf)). This 
mineral forms a matrix within which sulphide minerals occur as millimeter-sized aggre-
Table V.1. Brief description and summary of mineralization for Lucky Strike sediment core (L151).
Core section 
(cmbsf)
General description Mineralization
0-2 Dominated by well crystallized barite forming the matrix, 
with microscopic aggregates of sulphide minerals. Micro-
chimney structures were observed, with chalcopyrite ﬁlling 
the inner parts of the channels and the outer part being ﬁlled 
by sphalerite. Pyrite is present as grains disseminated in the 
matrix. 
Brt + Sph + Cpy + Py
4-6 Crystals of barite and disseminated sulphide minerals. Sul-
phide veins and micro-chimney structures were observed. 
Millimetric aggregations of sulphide grains are also present.
Btr + Sph + Cpy + Py
6-8 Mainly disseminated sulphide minerals and crystals of barite. Sph + Cpy + Brt ± Py
8-10 Mainly disseminated sulphide minerals and crystals of barite. Sph + Cpy + Brt ± Py
10-12 Mainly disseminated sulphide minerals. Some millimetric 
fragments of altered basalt fragments were observed.
Sph + Cpy ± Py ± Brt
12-16 Mainly disseminated sulphide minerals with signiﬁcant oxide 
content. Some millimetric fragments of altered basalts were 
observed. 
Sph + Cpy ± Py - Brt
18-22 Sulphides (<30% of total) are disseminated in an oxide 
matrix. Signiﬁcant numbers of altered basalt fragments are 
present.
Sph + Cpy ± Py
Brt = barite; Sph = sphalerite; Cpy = Chalcopyrite; Py = pyrite.
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gates and also forming micro-chimneys. Chalcopyrite ﬁlls the interior of these conduits 
while sphalerite appears in the outer part.
Sulphide phases are predominant below 5 cmbsf and occur in an aggregated form, 
with pyrite as the minor sulphide phase. A slight oxidation of sulphides was observed 
below 11 cmbsf, indicated by an intense orange colouration of the sediment. Below 18-20 
cmbsf altered basalt fragments (<1 cm in size) are visible. According to the classiﬁcation 
described for LS deposits (Rouxel et al., 2004), the L151 sediment core layers can be 
classiﬁed as forming from type B and C deposits related to lower temperature venting 
(<220 °C) and diffuse ﬂows (Rouxel et al., 2004). Core L151 was collected at the base of 
a low temperature white smoker (Mário Soares; T=103 °C; Fig. V.2) where an abundant 
diffuse ﬂow was observed.
V.4.2. Down core distribution of elements
The geochemistry of core L151 is tabulated in Appendix V. A. The Fe content is rela-
tively enriched throughout (>4.2%) and maxima occur at 0-2, 5-6 and 13-16 cmbsf with 
values of 7.7, 7.5 and, 10.8% respectively. The close correlation between Fe and S content 
down core (Spearman correlation, r
s
=0.93, N=8, P<0.001) suggests that these elements 
are incorporated in sulphide phases. Copper concentrations are low (<0.8%) when com-
pared with other near-vent metalliferous sediments from seaﬂoor hydrothermal systems: 
for the OBS site (East Paciﬁc Rise) the average Cu concentration is 17% (German et 
al., 1999); for TAG (MAR) it ranges from 0.5 to 4% (German et al., 1993; Mills et al., 
1993). The higher Cu concentrations occurred at 5-6 and 11-12 cmbsf (0.6 and 0.8%, 
respectively). The Cu/Fe ratio is consequently higher in these two layers (0.08 and 0.1%, 
respectively), implying the presence of Cu contain minerals. Petrographic observations 
reveal sphalerite and chalcopyrite as the dominant sulphide phases between 4 and 12 
cmbsf and no oxidation was evident. Down core distribution of Pb follows the same 
trend as Fe and S. Vertical proﬁles of Cu+Fe+Pb and S (Fig. V.3) are highly correlated 
(r
s
=0.95, N=8, P<0.001). This implies that Pb is incorporated into sulphide phases. The 
sediment is extremely Zn-rich with concentrations >10,000 ppm (upper detection limit) 
and this is consistent with the presence of signiﬁcant amounts of sphalerite throughout 
the core.
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Fig. V.3. Down-core distribution of S, Cu+Fe+Pb and Mg in the Lucky Strike L151 sediment 
core.
Manganese and Mg concentrations are very low. Manganese concentration does not 
vary down core and has an average content of 0.003%. The Fe/Mn ratio down core is high 
and ranges from 1134 to 3218 which is consistent with the near-vent setting with minimal 
oxidised Mn inputs. These ratios are similar to those reported for OBS (900-2400) and 
TAG (900-2000) near-vent sediments (German et al., 1999) and much higher than local 
pelagic sediments (e.g. BOFS Fe/Mn ∼17, Cave et al., 2002). Magnesium has an average 
content of 1.8% with signiﬁcant variation down core (Fig. V.3), with maximum values 
at 7-10 and 20-22 cmbsf, and with an opposite trend to the Cu+Fe+Pb proﬁle. The Mg 
content of core L151 is controlled by stronger seawater input to the sediment or could 
result from rock forming minerals being more abundant in these layers.
The Al and Ca concentrations are low suggesting negligible detrital and biogenic 
inputs. However, a slight increase in these elements at the deepest layer was observed, 
suggesting a larger contribution of non-hydrothermal sources. Lithoclastic fragments of 
altered basalts were found in the deepest layer, probably contributing to the observed Al 
and Ca enrichment.
Uranium enrichment is observed in the deeper part of the core (>7 cmbsf: U>10 ppm), 
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especially between 9 and 12 cmbsf (U=14-15 ppm). High U/Fe ratios (2.2-2.6×10−4) oc-
cur in this interval, but also at the deepest layer (20-22 cmbsf, U/Fe=2.2×10−4). In sedi-
ments containing sulphidic phases (e.g. TAG), the high U/Fe ratio has been explained by 
the uptake of seawater U into sulphide phases during oxidation processes resulting from 
seawater diffusion through the sediments after sulphide precipitation (e.g. German et al., 
1993; Mills et al., 1993; German et al., 1995). The highest U/Fe ratios in L151 occur in 
layers dominated by sulphide phases without pelagic components and where oxidation 
of the sulphide minerals is observed. U is inferred to be taken up from seawater during 
sulphide alteration in this setting. The V/Fe is positively correlated with the U/Fe ratio 
(V/Fe, r
s
=0.78, N=8, P=0.02) suggesting that V uptake from seawater is also occurring 
during sulphide oxidation (c.f. Escanaba Trough, German et al., 1995 and TAG, German 
et al., 1993; Mills et al., 1993).
In order to understand the relative contribution of hydrothermal ﬂuids and seawater to 
the composition to the L151 sediment, some major and trace elements from the core and 
the LS ﬂuids were normalized to LS standard seawater (Von Damm et al., 1998; Charlou 
Fig. V.4. Average values of Na, Mg, Si, Ca, Mn, Fe, Cu, Zn in the Lucky Strike sediment core 
(L151) and Lucky Strike vent ﬂuids normalized to LS seawater. Lucky Strike vent ﬂuids and 
seawater data from Von Damm et al. (1998) and Charlou et al. (2000).
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Fig. V.5. Chondrite-normalized (Taylor and McLennan, 1985) REE distribution patterns for: (A) sedi-
ment layers of the Lucky Strike L151 core; (B) average L151 top, middle and bottom layers, average 
Lucky Strike vent ﬂuids (Klinkhammer et al., 1995; Douville et al., 1999), average deep seawater (1500–
2500 m: Elderﬁeld and Greaves, 1982) and TAG hydrothermal sediments (German et al., 1993; Mills et 
al., 1993).
et al., 2000) (Fig. V.4). The pattern for seawater normalized elements of L151 sediment is 
clearly similar to LS ﬂuids, showing signiﬁcant enrichment of Fe, Cu, Zn and Si contents 
relatively to seawater, suggesting a hydrothermal origin for these elements. LS sediments 
are enriched in Na, Mg, K and Ca relative to seawater, while LS vent ﬂuids are depleted 
in these elements. Thus we infer a detrital origin for these elements within LS sediments, 
consistent with the observed altered basalt fragments in the sediment core.
V. 4.3.REE distribution
REE concentrations (Table V.2) have been normalized to the chondrite values (Taylor 
and McLennan, 1985). The deviations of Eu and Ce from their neighbours were deﬁned 
by Eu and Ce anomalies (Eu/Eu*=(Eu/Eu
chond
) /[(Sm/Sm
chond
+Gd/Gd
chond
) / 2] and Ce/
Ce*=(Ce/Ce
chond
) / [(La/La
chond
+Pr/Pr
chond
)/2]) (Table V.2).
Chondrite-normalized REE distribution patterns show pronounced vent ﬂuid char-
acteristics: strong enrichment in LREE, positive Eu anomaly (Eu/Eu*=1.35-8.89) and 
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weak negative Ce anomaly (Ce/Ce*=0.70-0.88) (Fig. V.5A). REE patterns for the upper 
sediment core (0-2 and 3-4 cmbsf ) exhibit a pronounced positive Eu anomaly (Eu/
Eu*=5.85 and 8.89) and a strong enrichment in LREE, with a La
n
/Nd
n
 ratio of 4.5 and 
3.3, respectively. These patterns are very similar to those of LS vent ﬂuids (Klinkham-
mer et al., 1995; Douville et al., 1999) (Fig. V.5B). The similarity to hydrothermal ﬂuids 
and an absence of a signiﬁcant Ce anomaly indicates that the upper core is derived di-
rectly from hydrothermal sources.
The upper core has a distinctive REE pattern with a pronounced Eu anomaly and an 
enrichment in LREE, with an average La
n
/Sm
n
 of 10.38, much higher than in the under-
lying layers (mean La
n
/Sm
n
=3.63). This is directly related to the mineralogy which is 
characterized by abundant, well crystallized barite. Hydrothermal barite has a character-
istic REE pattern related to preferential substitution of the smaller LREE and Eu2+ into 
the BaSO
4
 lattice (Guichard et al., 1979; Morgan and Wandless, 1980). Below 5 cmbsf 
the REE patterns exhibit a less pronounced positive Eu anomaly (mean Eu/Eu*=1.60) 
and a heavy REE (HREE) enrichment (Fig. V.5B), which is a consistent feature of al-
tered sulphidic hydrothermal sediments from other sites (e.g. TAG; Mills and Elderﬁeld, 
1995b).
A stronger hydrothermal input to the upper part of the core is evident from the REE 
patterns, with a strong Eu positive anomaly and low REE content. This suggests that the 
sediment is composed of minerals directly precipitated from the vent ﬂuids, negligibly 
mixed with seawater. The progressive decrease in the Eu anomaly and the increase in 
REE concentrations down core suggest a more signiﬁcant seawater REE contribution in 
deeper layers. The same evidence could be expressed as REE/Fe, once this ratio has a 
down core increase. Studies on hydrothermal sediments from OBS and TAG have also 
revealed an increase in REE/Fe ratio as a result of strong seawater inﬂuence (German 
et al., 1990; German et al., 1999). Previous studies on metalliferous sediments from the 
TAG ﬁeld (German et al., 1993; Mills et al., 1993) have revealed REE patterns similar to 
that of the L151 core (Fig. V.5B), with positive Eu anomalies and negligible Ce anoma-
lies, also being interpreted as vent ﬂuid derived. The particular REE pattern revealed by 
the presence of barite in L151 is comparable with patters observed in TAG hydrothermal 
sediments (Mills and Elderﬁeld, 1995b). In this case a similar patter occurs due to anhy-
drite presence which has similar crystallographic control as barite.
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V.4.4. Pb isotope composition
In hydrothermal sediments, Pb may derive from the upper oceanic crust, from pe-
lagic sediments or from unmodiﬁed seawater. The Pb isotopic composition provides a 
powerful tool to determine the relative contribution of crustal (non-radiogenic) or pe-
lagic (radiogenic) sources. Pb isotope data for core L151 are listed in Table V.3. In or-
der to interpret the distribution of Pb isotopes, data were plotted on the conventional 
inter-isotopic ratio diagrams (Fig. V.6). LS isotope Pb ratios were plotted together with: 
(1) Northern Hemisphere Reference Line (NHRL) according to Hart, (1984); (2) North 
Atlantic Sediment Line (NASL) deﬁned by Atlantic sediments Pb isotope ratios of Mn 
nodules, pelagic, terrigenous and biogenic sediments (Ben Othman et al., 1989) and; (3) 
a broad area deﬁned by Pb isotope ratios from LS basalts (Dosso et al., 1999; Ferreira, 
2006). LS basalts studied by Ferreira (2006) are projected as G1, G2 and G3. The last 
group was collected in the extremities of the LS segment and the ﬁrst two at the central 
part of the segment, where the hydrothermal ﬁeld is located. The Pb isotopic ratios of LS 
sediments are homogeneous, with 206Pb/204Pb=18.987-19.010; 207Pb/204Pb=15.562-15.572 
and 208Pb/204Pb=38.579-38.624. Data plot on the NHRL domain enclosed within the ﬁeld 
of the Pb isotopic ratios for LS basalts (Fig. V.6). When compared with NASL, L151 is 
less radiogenic than background North Atlantic sediments and is signiﬁcantly inﬂuenced 
Table V.3. Lead and Nd isotope ratios for hydrothermal sediments from Lucky Strike sediment core 
(L151).
L151 (cmbsf) 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 143Nd / 144Nd εNd(0)
(0-2) 18.987 15.562 38.579 0.51301 7.2
(4-5) 19.008 15.570 38.615 0.51298 6.7
(6-7) 18.999 15.564 38.590 0.51301 7.3
(8-9) 19.007 15.567 38.614 0.51300 7.0
(10-11) 19.001 15.566 38.596 0.51299 6.8
(12-13) 19.010 15.571 38.624 0.51293 5.7
(14-15) 19.005 15.570 38.589 0.51287 4.5
(18-19) 18.997 15.567 38.605 0.51300 7.0
Mean 19.003 15.567 38.603 0.51297 6.5
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by MORB derived Pb. The L151 Pb isotopic composition is closest to LS basalt domain 
G1 and G2 (Ferreira, 2006).
This suggests that the L151 minerals precipitated from hydrothermal ﬂuids that per-
colated through basaltic rocks in the central part of the spreading segment. In compari-
son with TAG and OBS hydrothermal sediments (German et al., 1993; Mills et al., 1993; 
Andrieu et al., 1998; German et al., 1999), LS sediments are much more radiogenic, 
reﬂecting the inﬂuence of the Azores hot spot. Dosso et al. (1999) studied the mantle het-
erogeneity along the Mid-Atlantic Ridge between 31°N and 41°N and showed that ridge 
segments closer to the Azores Triple Junction are the most radiogenic, being the least 
radiogenic found furthest from the Azores, south of the Hayes Fracture Zone, where 
TAG hydrothermal ﬁeld is situated. These data support the hypothesis that variability in 
the basalt Pb isotope ratio is responsible for the differences observed at sediments along 
the MAR.
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Fig. V.6. Diagrams of (A) 206Pb/204Pb versus 207Pb/204Pb and (B) 206Pb/204Pb versus 208Pb/204Pb for Lucky 
Strike L151 sediment core. Shown for comparison: Pb isotope ratios from double-spike corrected data of 
Lucky Strike basaltic rocks deﬁned by Ferreira (2006) as G1 and G2 (rocks collected in the central part of 
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al. (1999); TAG metalliferous sediments and sulphides and OBS hydrothermal sediments (German et al., 
1993; Mills et al., 1993; Andrieu et al., 1998; German et al., 1999). The NHRL represents the “Northern 
Hemisphere Reference Line” deﬁned by Hart (1984) from mid-ocean ridge normal basalts of the northern 
hemisphere; the NASL represents the “North Atlantic Sediment Line” deﬁned by Atlantic sediments Pb 
isotope ratios of Mn nodules, pelagic, terrigenous and biogenic sediments (Ben Othman et al., 1989).
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V.4.5. Nd isotope composition
143Nd/144Nd isotope ratios and εNd(0) values from core L151 are listed in Table V.3 
and plotted in Fig. V.7. Data from local basalts (Dosso et al., 1999; Ferreira, 2006), mod-
ern seawater values (Piepgras and Jacobsen, 1992) and hydrothermal sediments from 
TAG are also plotted for comparison. Samples from L151 exhibit slightly less radiogenic 
143Nd/144Nd ratios (143Nd/144Nd=0.5129-0.5130; εNd(0)=4.5-7.3) than LS basalts from G3 
and G2 (143Nd/144Nd=0.5130-0.5131; εNd(0)average=8.8), but similar values to G1 ba-
salts (143Nd/144Nd=0.5130; εNd(0)average=7.2). Only two of the L151 core sediment sam-
ples from deeper layers (12-15 cmbsf) have lower Nd ratios (143Nd/144Nd=0.5129; εNd(0) 
=4.5-5.7) than all the LS basalt groups (Fig. V.7A).
The less radiogenic Nd values of the lower core are explained by seawater/normal 
pelagic sediment contributions, especially below 11 cmbsf, supporting the REE data and 
bulk geochemical evidences. Nd isotopes data are consistent with the inference from 
the Pb isotopes which suggest that the hydrothermal ﬂuid has circulated through basalts 
with geochemical characteristics similar to the central part of the LS segment basalts 
(G1; Ferreira, 2006). Two distinct groups of samples are evident in the plot of Eu anoma-
lies versus εNd(0) values (Fig. V.7B). The upper sediment core has large Eu anomaly 
and more radiogenic Nd isotopes, suggesting that the minerals have precipitated direct-
ly from hydrothermal ﬂuids without seawater REE contribution. At depth in the core 
(below 11 cmbsf), the Eu anomaly is less pronounced and the seawater input is more 
evident. There are signiﬁcant differences between LS and TAG sediments (Fig. V.7C), 
interpreted to result from different seawater contributions to the sediments at each site. 
The interpretation for the low εNd(0) for the TAG metalliferous sediments is the intense 
REE scavenging from seawater during sulphide alteration (Mills et al., 1993). This com-
parison between TAG and LS shows, once again, the weak interaction of seawater with 
the LS sediment core.
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Fig. V.7 (A) Relative frequency of 143Nd/144Nd ratios for sediments from the L151 core. Nd isotope ratios 
from Lucky Strike basalts G1, G2, G3 (Ferreira, 2006) and B (Dosso et al., 1999). Seawater (Piepgras and 
Jacobsen, 1992) and TAG metalliferous sediments (Mills et al., 1993) are also represented for compari-
son; (B) Eu anomalies versus εNd(0) diagram; (C) εNd(0) data versus 1/Nd diagram for sediments from 
L151 layers. Data for TAG metalliferous sediments (Mills et al., 1993) is also shown for comparison.
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V.5. Conclusions
Sediment core L151 was collected from the LS hydrothermal ﬁeld in an area where 
white smokers and diffuse ﬂow are the dominant forms of hydrothermal activity. The 
sediment consists mainly of hydrothermal minerals: sphalerite, chalcopyrite, pyrite and 
barite. The described mineralogy is similar to that of the Ba-rich deposits (type B and 
C) studied by Rouxel et al. (2004). Barite dominates in the upper layer (0-5 cmbsf) and 
sulphide minerals are mainly present below this layer. Elemental geochemistry revealed 
that the L151 core is rich in metals that have precipitated directly from LS vent ﬂuids. Cu, 
Zn, Fe and Pb are mainly incorporated in sulphide phases and Fe/Mn ratios conﬁrm the 
near-vent provenance. Petrographic observations and geochemistry of the deeper layers 
indicate more signiﬁcant oxidation. Geochemical evidence for oxidation and seawater 
inﬂuence includes higher REE content, higher U/Fe and V/Fe ratios and lower Nd iso-
topic ratio. Altered basalts are also more abundant in the deeper layers, leading to higher 
contents of Al, Mg, Ti, Na, K and Ca and lower contents of transition metals and S.
Chondrite normalized REE patterns for the upper part of the core are similar to LS 
hydrothermal vent ﬂuid patterns, with a strong Eu anomaly and negligible Ce anomalies, 
suggesting that REE have been deposited from vent ﬂuids with negligible interaction 
with seawater. In the deeper layers, the REE concentrations are higher and exhibit REE 
distribution patterns which may reﬂect seawater input or more extensive alteration of the 
sulphide mineralization. Sediments from deeper layers most probably have undergone 
interaction with seawater before being buried by the overlying barite rich sediments. 
REE patterns in the upper layers are strongly controlled by mineralogy, with the strong 
positive Eu anomaly and the high La
n
/Sm
n
 ratios being a consequence of abundant bar-
ite.
Pb isotopic compositions for the L151 metalliferous sediment coincide with local 
basalts from the centre of the segment and are non-radiogenic when compared to pelagic 
sediments. Pb has been leached from LS basalts by hot ﬂuids and precipitated within the 
minerals forming the LS metalliferous sediments. Pb isotopic ratios are more radiogenic, 
than other MAR sediments, as LS basalts are also more radiogenic due to their proximity 
to the Azores hot spot. The Pb and Nd isotopic composition of LS sediment core and LS 
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basalts reveals that hydrothermal ﬂuids have circulated through LS underlying rocks and 
allows, within the range of basalts sampled along the LS segment, to identify the source 
basalt for this deposit (G1).
Geochemical data show that minerals from L151 sediment core have precipitated 
directly from hydrothermal ﬂuids circulating through the underlying rocks, and that no 
time for extensive seawater-sediment reactions has occurred. However, the data suggest 
stronger seawater input within the deeper layers. This could be explained by variable 
activity of the hydrothermal system during the sediment formation, suggesting different 
pulses of activity of the LS hydrothermal system.
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Abstract
The Saldanha hydrothermal ﬁeld is located in a non-transform offset (NTO5) on the Mid-At-
lantic Ridge (MAR) and was ﬁrst described as a low-temperature diffuse ﬁeld hosted by maﬁc 
and ultramaﬁc rocks. However, recent studies suggest the presence of more focused venting with 
high-temperature ﬂuids in the subsurface. We present REE, Nd and Pb isotope data for sediment 
and rock samples representative of different lithologies outcropping in the vent area. These data 
allow discrimination between the hydrothermal inputs to the sediments and rocks, and allow 
characterising the ﬂuid–rock-sediment interaction taking place in this system. The ﬁrst type of 
sediment is represented by the majority of cores which are dominated by pelagic input and have 
radiogenic Pb and non-radiogenic Nd compositions, similar to normal pelagic sediments. These 
sediments exhibit mineralogical evidence for precipitation from low-temperature hydrothermal 
ﬂuids. One of these samples was capped by a Fe-Mn crust and had a less radiogenic Pb com-
position. The crust is inferred to minimise pelagic inputs and limit seawater penetration into 
the sediment, preserving the hydrothermal Pb signature. The second type of is represented by 
one core (SCD7) that has non-radiogenic Pb and radiogenic Nd isotope ratios and positive Eu 
anomalies, as consequence of interaction with high-temperature ﬂuids that have reacted with 
local maﬁc rocks. The basement rocks collected across the hydrothermal ﬁeld exhibit a range 
of seawater and hydrothermal alteration. Metabasalts, metagabbros and steatites have isotopic 
signatures and REE compositions consistent with alteration by hydrothermal ﬂuids circulating 
through local maﬁc rocks. Altered ultramaﬁc rocks record interaction with seawater, related 
with serpentinization processes, and hydrothermal ﬂuids. We demonstrate that the Saldanha hy-
drothermal ﬁeld is not simply a low-temperature, diffuse ﬁeld driven by ultramaﬁc reactions, as 
previously reported. High temperature and more focused ﬂuid ﬂows also occurs and Nd and Pb 
isotopic compositions in sediments and rocks are consistent with interaction with hydrothermal 
ﬂuids which have reacted with local maﬁc rocks with only minor ultramaﬁc contributions.
Keywords: Saldanha hydrothermal ﬁeld; radiogenic isotopes, hydrothermal heat source
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VI.1. Introduction
Hydrothermal activity related with ultramaﬁc exposures at mid-ocean ridges (MOR) 
is a recent discovery. This type of activity seems to be conﬁned to slow and ultraslow 
spreading ridges and the ultramaﬁc outcrops are usually related with diapirism and/or 
detachment faulting, consistent with low magma budgets, relatively thin crust and ir-
regular faulting patterns (Gràcia et al., 2000; Mevel, 2003).
The ﬁrst evidence for such type of activity at the mid-Atlantic ridge (MAR) was the 
discovery of the Logatchev (Krasnov et al., 1995) followed by the Rainbow ﬁeld (Fouquet 
et al., 1997), both revealing high-temperature activity. Other ultramaﬁc-hosted systems 
meanwhile discovered at MAR include the low-temperature Saldanha (Barriga et al., 
1998) and Lost City ﬁelds (Kelley et al., 2001). The detection of H
2
 and CH
4 
anomalies 
on the peridotite overlying water column, resulting from serpentinization reactions with 
seawater (e.g. Charlou et al., 2002; Seyfried Jr et al., 2007), suggest that these type of 
hydrothermal systems are common in these environments (Charlou et al., 1993; German 
et al., 1996; Charlou et al., 2002). The dynamics of the hydrothermal processes driving 
these systems is still poorly known and in particular their heat source has been the focus 
of some debate. In the low-temperature and ultramaﬁc-hosted hydrothermal systems the 
heat source has been directly linked to the exothermic reactions of serpentinization (e.g. 
Barriga et al., 1998; Kelley et al., 2001; Lowell and Rona, 2002; Schroeder et al., 2002). 
For the high-temperature hydrothermal systems, such as Rainbow and Logatchev, addi-
tional heat sources, typical of magmatic systems at MOR, are also pointed (Lowell and 
Rona, 2002; Allen and Seyfried Jr., 2004). 
The Saldanha hydrothermal ﬁeld is hosted in ultramaﬁc and maﬁc rocks and it is 
located on a seamount within a non-transform offset (NTO5), between the Famous and 
Amar segments (36º 34’N; 33º 26’W) on the Mid-Atlantic Ridge (MAR). This site was 
ﬁrst visited by the Nautile submersible in 1998 (Barriga et al., 1998), during the Saldanha 
cruise. The discovery of diffuse venting conﬁrmed the presence of hydrothermal activity 
related to serpentinization processes, previously inferred from the detection of geochem-
ical anomalies in the water column (Charlou et al., 1997; Bougault et al., 1998).
Hydrothermal activity occurs essentially as diffuse ﬂow, but more focused activity 
also takes place through centimetric holes in the sediment (Dias and Barriga, 2006). 
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Temperatures measured directly in these oriﬁces by the ROV Victor during Seahma 
cruise in 2001 were not higher than 9ºC (Barriga et al., 2003). However, petrographic 
and geochemical studies of sediments from this vent area, collected by a gravity core 
during CD167 cruises in 2004, reveal that hydrothermal ﬂuids have reacted with these 
sediments at temperatures higher than 250ºC, and suggest that ﬂuids ﬂowing through 
these sediments reach the surface at much higher temperatures than those recorded dur-
ing the Seahma cruise (Dias et al., submitted). 
At the Saldanha seamount lithologies are highly heterogeneous. At the top of the 
mount, basalts, metasomatized gabbros, metasomatizes basalts, serpentinites and ste-
atites (talc-bearing serpentinites) were identiﬁed and sampled during the Flores´96, 
Saldanha’98 and Sehama’02 cruises (Barriga et al., 1998; Fouquet et al., 1998; Barriga et 
al., 2003). Steatites are located essentially at the northern part of the dome in a NE-SW 
elongated area. This structure is related to a dominant faulting network striking NE-SW, 
E-W and WNW-ESE, responsible for the exposure of ultramaﬁc rocks and which seems 
to play an important role in the more focused hydrothermal activity in this site (Gràcia 
et al., 1997; Barriga et al., 2003; Miranda et al., 2003).
In the present study, REE concentrations and the Nd and Pb isotope composition of 
sediments and host rocks from the Saldanha hydrothermal ﬁeld were determined. These 
allow quantiﬁcation of the relative contribution of seawater and hydrothermal ﬂuids on 
the basement rocks and allow discrimination between hydrothermal and other sources 
for the sediments. Combining rock and sediment isotopic data also allows interpretation 
of the ﬂuid–rock-sediment interaction, in particular the contribution of maﬁc and ultra-
maﬁc rocks to the ﬂuid chemistry, ultimately reﬂected in the hydrothermal signature 
recorded in sediments. 
VI.2. Sampling and analytical methods
Sediment cores were collected from the Saldanha hydrothermal ﬁeld during Seah-
ma’02 (Barriga et al., 2003) and Charles Darwin - CD167 (Sinha et al., 2006) cruises in 
2002 and 2004, respectively. During the Seahma’02 cruise samples were collected with 
ROV-Victor using short push-cores (40 cm). During CD167 samples were collected with 
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a gravity corer. In this study, Seahma samples are identiﬁed with a SH preﬁx and CD167 
samples with a SCD preﬁx. Five sediment cores were selected for analyses, three col-
lected in the venting area (SH119, SH118T and SCD7) and two collected away from this 
area (SCD8 and SH92) (Table VI.1). Down core geochemical analyses were performed 
for all samples except for SH118T. This sample was capped by a Fe-Mn oxide crust and 
the ﬁrst centimeters of the sediment layers were recovered with a ROV spade after crust 
removal. The sediment was mixed during recovery and bulk analyses for this sample 
were made separately from the oxide crust.
Rock samples were collected with the Nautile submersible (IFREMER) during the 
Flores cruise in 1996 (Fouquet et al., 1998) and the Saldanha cruise in 1998 (Barriga et 
al., 1998) and are identiﬁed with a FL and SAL preﬁx, respectively. For each lithology 
identiﬁed during these cruises, two representative rock samples were selected for analy-
sis according to petrographic and geochemical features described in preliminary studies 
Table VI.1. Sediment and rock samples used in this study.
S
ed
im
en
t c
or
es
Sample Cruise / Sampling method Recovery (cm)
Depth 
(m)
Away from the 
venting area
SH92 Seahma’02 / ROV “push-core” 12 2125
SCD8 CD167, 2004/ gravity core 91 2300
Venting area
SH118T Seahma’02 / ROV “spade” (a) 2214
SH119 Seahma’02 / ROV “push-core” 12 2213
SCD7 CD167’04 / gravity core 27 2198
R
oc
k 
sa
m
pl
es
Sample Cruise / Sampling method Lithology
Depth 
(m)
SAL-06-08 (B1) Saldanha’98 / Nautile Fresh basalt 2223
SAL-09-15 (B2) Saldanha’98 / Nautile Fresh basalt 2421
FL-12-12 (MB1) Flores’96 /  Nautile Metabasalt 2217
FL-12-14 (MB2) Flores’96 /  Nautile Metabasalt 2232
SAL-06-09 (MG1) Saldanha’98 / Nautile Metagabbro 2220
SAL-06-10 (MG2) Saldanha’98 / Nautile Metagabbro 2205
FL-12-11 (Serp1) Flores’96 /  Nautile Serpentinite 2247
FL-06-06 (Serp2) Flores’96 /  Nautile Serpentinite 2225
SAL-10-01 (ST1) Saldanha’98 / Nautile Steatite 2359
SAL-10-04 (ST2) Saldanha’98 / Nautile Steatite 2285
(a) The ﬁrst layers of the sediment were mixed during recovery.
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(Costa, 2001; Ribeiro da Costa, 2005) (Table VI.1). The location of the sediment and 
rock samples used in this study is presented in Figure VI.1.
Rare earth elements (REE) analyses for the Mn-crust of the SH118T sediment core and 
from rock samples were carried out at “Activation Laboratories, Ltd” (Actlabs, Ontário, 
Canada), following standard procedures. Before analyses, samples were carefully pow-
dered on agate molar. REE were determined in fusion solutions by inductively coupled 
plasma mass spectrometry (fusion-ICP/MS). Measured precision was better than 5%. 
REE data for sediments, with the exception of the Mn-crust, were determined from Dias 
et al. (Dias et al., submitted) where the same method for the crust was used.
Lead and Nd isotopes were measured at the National Oceanography Centre, South-
ampton (NOCS), the Pb isotopes on a VG Sector 54 thermal ionisation mass spectrom-
eter and the Nd using a thermo neptune multi collector - inductively coupled plasma 
- mass spectrometry (MC-ICP-MS).
Figure VI.1. Location of the sediment and rock samples used in this study. Legend:∆ Sediment cores; 
● Basalts; ■ Metabasalts: ■ Metagabbros; ● Serpentinites; ■ Steatites.
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After drying, the sediment and rock samples were carefully crushed in an agate mor-
tar and pestle and digested by a four-step procedure: (1) 6 M HCl; (2) a mixture of 3 ml 
HCl and 1 ml of HNO
3
; (3) 3 ml HF and; (4) 1.5 ml HBr. At the end of each digestion 
step the samples were dried on a hotplate.
The samples were prepared for the mass spectrometer using standard ion exchange 
chemistry. Lead was isolated using AG1-X8 200-400 mesh anion exchange resin in a two 
column procedure. Procedural blanks were <50 pg, and considered negligible relative to 
the amount of Pb recovered. Measurements were made using a Pb double spike procedure 
with the Southampton-Brest-Lead 207-204 spike (SBL74). Both natural and spiked runs 
were measured using a dynamic routine modiﬁed after Thirlwall (2000). Natural run ion 
beam intensities of 208Pb were all >1x10-11A. NBS SRM-981 measurements made over a 5 
year period gave the average ratios: 206Pb/204Pb=16.9403 +/-32, 207Pb/204Pb=15.4980 +/-32, 
208Pb/204Pb=36.7225 +/-85 (n=112, +/- 2 S.D. in last quoted ﬁgures).
The waste from the Pb columns was dried down and used for the Nd analyses. The 
Nd procedure uses a ﬁrst column of AG50 cation resin to separate the REE from the ma-
trix, and this was followed by a Ln-Spec column to isolate the Nd from the other REE. 
The measurements were carried out on the Neptune MC-ICP-MS using static collection 
mode on 7 faraday detectors, producing an average of 150 ratios. Isotope ratios were cor-
rected for mass bias by normalization to 146Nd/144Nd= 0.7219. Measured values for JNdi-1 
were 143Nd/144Nd = 0.512082 +/-14 (2 S.D., n = 8) during the measurement period, and are 
corrected to 143Nd/144Nd= 0.512115 (Tanaka et al., 2000). 
The ε
Nd(0) 
values were determined by comparison to the chondrite uniform reservoir 
(CHUR) for the present day, where (143Nd/144Nd)
CHUR 
= 0.512638 (DePaolo and Wasser-
burg, 1976).
VI.3. Brief sample description
Saldanha sediments are formed by variable inputs of three dominant components: 
(1) biogenic and pelagic input from the upper water column; (2) locally-derived detrital 
material from the outcropping basement; and (3) precipitation from hydrothermal ﬂuids 
(Dias and Barriga, 2006; Dias et al., submitted). With the exception of core SCD7, all 
172
VI. Fluid-rock reaction and hydrothermal circulation at the Saldanha ﬁeld
other sites are dominated by pelagic foraminiferal oozes with minor locally-derived de-
trital components. The SH119 and SH118T samples, collected from active vent oriﬁces, 
show slight hydrothermal alteration, characterized by Mn and Fe oxyhydroxides phases 
with occasional millimetric sulphide grains identiﬁed as chalcopyrite, sphalerite and 
pyrite; lithoclasts in these cores are dominated by altered ultramaﬁc rocks (serpentinites 
and steatites). In the two sediment cores collected away from the venting area (SH92 and 
SCD8), sulphide minerals were not identiﬁed and lithoclasts are mostly of altered maﬁc 
rocks.
Core SCD7, collected from an area of active venting, contains many fragments of 
meta-basalts and –gabbros in the ﬁrst 5 cm of the core. Below 5 cmbsf the sediment is 
dominated by a hydrothermal component characterized by chalcopyrite + sphalerite/
wurtzite ± pyrite and hydrothermal calcite. These minerals were precipitated in a matrix 
of serpentine + talc ± chlorite, where variable amounts of small lithoclastic debris were 
also observed and identiﬁed as serpentinites, steatites and metagabros/metabasalts, most 
of them showing micro-texture deformation under microscopic observation. The bio-
genic/pelagic component was found only in the upper part of this sediment core but in 
negligible proportions (for a more detailed description see Dias et al. submitted). 
Basalt samples (B1 and B2) are pillow lavas showing a porphyritic matrix with some 
olivine phenocrysts and containing vesicles up to 0.5 mm in diameter. Petrographic ob-
servations revealed that these samples are composed of plagioclase, olivine and pyroxene 
in a ﬁne-grained matrix composed by glass, plagioclase, pyroxene and olivine. Metaso-
matized basalts (metabasalts, MB1 and MB2) exhibit a green and/or grey matrix due to 
intense chloritization and/or siliciﬁcation of pillow lavas. Sample MB1 has a relict por-
phyritic texture whereas in sample MB2 the mineralogy and texture of the original lava 
is not observed. Chlorite and Mn-carbonates are pervasive in the matrix and are cut by 
silica veins. Some geodes composed of euhedric quartz crystals and oxidized sulphide 
minerals can be found in sample MB2. This mineralogy and texture are consistent with 
intense chloritization and siliﬁcation. Mass balance estimates for these samples (Costa, 
2001) show enrichments in Si, S, Cu, Zn, Co, Mn, As, Br and CO
2
 in sample MB2 com-
pared with MB1, consistent with the observed mineralogy and indicative of sulphide 
mineralization and siliciﬁcation.
Metasomatized gabbros were sampled in the northern part of the Saldanha massif in 
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a NNE-SSW alignment. The two selected samples (MG1 and MG2) are deformed me-
dium-grained metagabbros with some alteration and deformation of the primary igneous 
textures. Nevertheless, some primary igneous minerals (plagioclase and clinopyroxene) 
could be recognized deﬁning a linear orientation (particularly evident in sample MG1). 
Actinolite and chlorite substitutes primary pyroxene, more pervasively in MG2 than in 
MG1, although partial and complete chloritization of this mineral is also evident, espe-
cially in sample MG1. These samples exhibit chlorite + epidotite + quartz crystals veins. 
Primary minerals relicts and secondary mineral textures suggest deformation during 
and after metassomatic events.
Ultramaﬁc rocks from Saldanha area (usually harzburgites) are variably altered either 
to serpentinites or to steatites (talc-bearing serpentinites). The selected serpentinite sam-
ples (Serp1 and Serp2) are from chromite-free dunite. These completely serpentinized 
rocks have recrystallized mesh textures and minor amount of orthopyroxene-bastites 
(in Serp1), with accessory magnetite (2-7%). The serpentine minerals were identiﬁed as 
lizardite and chrysotile, in variable proportions. 
The two steatite samples consist of a completely steatized serpentinite (ST1: ~100% 
talc) and a partially steatized serpentinite (ST2: talc >75%). In ST2, talc is predomi-
nantly pseudomorphing the mesh texture typical of the original serpentinite. Serpenti-
nite replacement by talc is interpreted to result from Si-metasomatism, as consequence 
of interaction with reduced ﬂuids with high silica contents that may have derived from 
deep-seated gabbros. This interpretation is also supported by the very low Al
2
O
3
/SiO
2
 
ratios of these talc-rich rocks ( ST1: Al
2
O
3
/SiO
2
 = 0.008 and ST2: Al
2
O
3
/SiO
2
 = 0.013; 
Costa, 2001).
VI.4. Results
VI.4.1. Rare Earth Elements
REE concentrations were normalized to chondrite values (Taylor and McLennan, 
1985) and the deviations of Eu and Ce from the rest of REE where deﬁned by Eu and 
Ce anomalies (Eu/Eu* = (Eu/Eu
CN
)/[(Sm/Sm
CN
 + Gd/Gd
CN
)/2] and Ce/Ce* = (Ce/Ce
CN
)/
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[(La/La
CN
 + Pr/Pr
CN
)/2], respectively) and are presented in Table VI.2. Chondrite nor-
malized REE patterns are presented in Figure VI.2.
The REE data for the Saldanha sediments cores are described in Dias et al. (submit-
ted) and are presented in Figure VI.2a. The sediments exhibit two distinct REE patterns: 
(1) represented by cores SH92, SH118T, SH119 and SCD8 which are characterised by a 
depletion in heavy REE (HREE), a negative Ce anomaly  ((Ce/Ce*)
CN
 average = 0.60) 
and a slight negative Eu anomaly ((Eu/Eu*)
CN
 average= 0.77) and; (2) a distinctive REE 
pattern shown by the SCD7 sediment core. This core displays variable REE patterns 
with depth. Above 8 cmbsf a ﬂat REE pattern with a pronounced negative Eu anomaly 
with enriched REE contents occurs, while between 16-21 cmbsf a positive Eu anomaly 
with light REE (LREE) enrichment is observed. Below 22 cmbsf the pattern is similar 
to that of the upper layers, although with lower REE contents. The REE patterns for 
intermediate layers (8-16 cmbsf) are consistent with mixing between the upper core and 
the deeper material. The Fe-Mn-crust exhibits a different pattern compared with the 
sediment cores, including the sediment below the cap (SH118T), displaying enrichment 
in LREE and no negative Ce anomaly (Fig. VI.2a). 
The two basalt samples have similar chondrite normalised REE patterns, charac-
terised by relatively ﬂat patterns, around ten times higher than chondrite, with a slight 
LREE enrichment (Figure VI.2b). One of the metabasalt samples (MB1) has a ﬂat REE 
pattern similar to fresh basalts, whereas, the other metabasalt sample (MB2) and the 
metagabbros (MG1 and MG2) show a slight depletion in REE contents, a positive Eu 
anomaly and no Ce anomaly. Altered ultramaﬁc samples (serpentinites and steatites) 
are extremely REE-depleted relatively to the chondrite, with some REE being below the 
analytical detection limit (Figure VI.2b). They display an U-shaped pattern as a conse-
quence of their relative enrichment in LREE and HREE, compared to the intermediate 
REE (Table VI.2 and Figure VI.2b). These rocks show positive Eu anomalies, ranging 
from 1.31 to 8.00 (the highest value corresponding to the ST2 steatite), and more uniform 
Ce anomalies, ranging between 0.53 and 0.77. 
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Fig. VI.2. Chondrite-normalized REE patterns from Saldanha (a) sediments and the Mn-crust, and; (b) 
rocks. Data for sediments are from Dias et al. (submitted); for marine sediments from Wildeman and 
Haskin (1965); for Rainbow hydrothermal ﬂuids (×103) from Douville et al. (2002); and for seawater 
(×104;1500-2500m depth) from Elderﬁeld and Greaves (1982).
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VI.4.2. Neodymium isotopes
The 143Nd/144Nd isotope ratios and ε
Nd (0)
 values determined for the Saldanha rocks and 
sediments are listed in Table VI.3. ε
Nd (0)
 values are plotted in Figure VI.3, together with 
data for N-Famous and S-AMAR basalt rocks (Dosso et al., 1999), TAG hydrothermal 
sediments and ferromanganese crusts (Mills et al., 1993; Mills et al., 2001) and Lucky 
Strike hydrothermal sediments (Dias et al., 2008) for comparison. Reference values for 
North-Atlantic deep water (NADW, Piepgras and Jacobsen, 1992) and mantle peridotite 
Table VI.3. Nd and Pb isotope composition of the Saldanha sediment and rock samples.
143Nd / 
144Nd
+/- 0.000015
ε
Nd(0)
206Pb / 
204Pb +/- 
207Pb / 
204Pb +/-
208Pb / 
204Pb +/-
S
ed
im
en
t s
am
pl
es
SCD7 SCD7 (7-8) 0.513137 9.74 18.763 0.006 15.622 0.005 38.614 0.013
SCD7 (9-10) 0.513170 10.37
SCD7 (11-13) 0.513155 10.09 18.803 0.004 15.564 0.003 38.407 0.009
SCD7 (16-17) 0.513088 8.77
SCD7 (19-21) 0.513049 8.01 17.947 0.004 15.559 0.004 37.730 0.008
SCD7 (21-22) 0.513126 9.52 19.100 0.004 15.669 0.003 39.142 0.009
SCD7 (25-27) 0.513135 9.70 18.691 0.003 15.645 0.003 38.656 0.008
SH92 SH92 (2-3) 18.742 0.003 15.641 0.002 38.694 0.006
SH92 (6-7) 0.512159 -9.33 18.978 0.004 15.650 0.004 38.976 0.009
SH92 (10-11) 0.512112 -10.27 18.549 0.003 15.630 0.002 38.501 0.007
SH119 SH119 (2-3) 18.999 0.003 15.659 0.003 39.025 0.007
SH119 (6-7) 0.512129 -9.93 18.816 0.008 15.642 0.006 38.806 0.016
SH119 (8-10) 0.512147 -9.57 18.993 0.004 15.662 0.003 39.021 0.008
SCD8 SCD8 (0-2) 0.512146 -9.61 18.810 0.004 15.654 0.004 38.841 0.010
SCD8 (4-6) 0.512140 -9.71 18.953 0.004 15.666 0.004 39.000 0.010
SCD8 (8-10) 0.512123 -10.04 18.956 0.007 15.669 0.006 39.000 0.015
SCD8 (12-14) 0.512123 -10.04 18.959 0.004 15.665 0.003 38.993 0.008
SCD8 (20-22) 0.512101 -10.47
SCD8 (40-42) 0.512098 -10.53 19.096 0.005 15.673 0.004 39.163 0.011
SH118T total 0.512148 -9.55 18.649 0.010 15.559 0.008 38.314 0.020
 Mn-Crust 0.512236 -7.85 18.784 0.003 15.649 0.003 38.770 0.008
R
oc
k 
sa
m
pl
es
B1 SAL-06-08 0.513109 9.21 18.674 0.002 15.562 0.001 38.354 0.004
B2 SAL-09-15 0.513110 9.19 18.597 0.004 15.590 0.004 38.342 0.012
MB1 FL-12-12 0.513156 9.85 18.731 0.002 15.536 0.001 38.348 0.004
MB2 FL-12-14 0.513143 10.10 18.865 0.004 15.548 0.003 38.458 0.010
MG1 SAL-06-09 0.513076 9.97 18.906 0.003 15.548 0.003 38.486 0.009
MG2 SAL-06-10 0.513149 8.54 18.626 0.007 15.527 0.007 38.242 0.021
Serp1 FL-12-11 0.512708 1.37 18.673 0.045 15.646 0.045 38.498 0.125
Serp2 FL-06-06 0.512716 1.52 18.922 0.005 15.593 0.005 38.666 0.015
ST1 SAL-10-01 0.512625 -0.25 18.891 0.003 15.544 0.003 38.470 0.009
ST2 SAL-10-04 0.512716 1.52 18.842 0.001 15.545 0.001 38.435 0.004
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(Workman and Hart, 2005) were also plotted and considered as end-members in order 
to estimate the relative contribution of these sources in the studied samples. Values are 
expressed as 104 deviations from CHUR
(0)
 value of 0.512638 (ε
Nd (0)
).
143Nd/144Nd isotope ratios in Saldanha sediment cores fall into two distinct groups. 
SCD7 displays the most radiogenic values ranging from 0.513049 to 0.513170 (ε
Nd (0)
 = 
+8.01 to +10.37), while the remaining samples exhibit non-radiogenic Nd isotopic ratios 
ranging from 0.512098 to 0.512236 (ε
Nd(0)
 = -10.53 to -7.85). The higher value of this later 
group of samples corresponds to the Mn crust (SH118T). 
All maﬁc rock samples (both fresh and altered) exhibit a narrow range of 143Nd/144Nd 
 Fig. VI.3. ε
Nd(0) 
values from Saldanha sediment and rock samples. ε
Nd(0)
 values for N-Famous and S-
AMAR rock samples (Dosso et al., 1999), modern seawater values (Piepgras and Jacobsen, 1992), TAG 
hydrothermal sediments and ferromanganese crusts (Mills et al., 1993; Mills et al., 2001) and Lucky 
Strike hydrothermal sediments (Dias et al., 2008) are also plotted.
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ratio values between 0.513076 and 0.513156 (ε
Nd(0)
 = +8.57 to +10.11).  Altered ultrama-
ﬁc rock samples (serpentinites and steatites) have much lower ratios, ranging between 
0.512625 and 0.512716 (ε
Nd(0)
 = -0.25 to +1.52).
VI.4.3. Lead isotopes 
The Pb isotope ratios of the Saldanha samples are listed in Table VI.3 and their dis-
tribution is plotted on conventional inter-isotopic ratio diagrams (Fig. VI.4). In order to 
identify the Pb sources, Pb isotope data were plotted together with reference values of 
(1) northern hemisphere reference line (NHRL: Hart, 1984); (2) north Atlantic sediment 
Line (NASL), deﬁned by Pb isotope ratios of pelagic, terrigenous and biogenic Atlantic 
sediments (Ben Othman et al., 1989) and; (3) Atlantic seawater inferred from hydroge-
netic Fe-Mn crusts (von Blanckenburg et al., 1996). Data from other sites were also used 
for comparison
Except for the SCD7 and SH118T sediment cores, Pb isotope ratios for sediment 
samples are fairly uniform:  206Pb/204Pb = 18.549 - 19.096, 207Pb/204Pb = 15.630 - 15.637 
and 208Pb/204Pb = 38.501 - 39.163. The Pb isotope composition is relatively radiogenic 
and plots away from the NHRL, close to the NASL (Table VI.3 and Figure VI.4a-b). 
Core SCD7 displays variable Pb isotopic ratios down core (Figure VI.4 and VI.5): (1) 
at 7-8 cmbsf the Pb isotopic composition is more radiogenic than the NHRL, and is 
shifted away from the FAMOUS-AMAR values towards the two serpentinite samples; 
(2) at 11-13 cmbsf the Pb isotopic composition is relatively non-radiogenic, similar to 
hydrothermally altered samples (steatites, metabasalts and metagabbros), and plots with 
the FAMOUS-AMAR samples; (3) at 19-21 cmbsf the Pb isotopic ratios are much less 
radiogenic than local rocks, which is reﬂected in low 206Pb/204Pb (17.9473) and 208Pb/204Pb 
(37.7302) ratios; (4) the deepest layers (21-27 cmbsf) have the most radiogenic Pb com-
position, close to seawater ratios and closer to the serpentinite isotopic composition. The 
Mn-crust from sample SH118T exhibits distinct values from the remaining sediment of 
that core (Fig. VI.4a). Non-radiogenic values are observed in the sediment while radio-
genic, seawater values, are recorded in the Mn-crust.
All maﬁc rocks (fresh and altered) display non-radiogenic Pb isotopic values, plotting 
on or close to the NHRL and falling within the range for the FAMOUS-AMAR segment 
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Fig. VI.4. Plots of 206Pb/204Pb versus 207Pb/204Pb and 206Pb/204Pb versus 208Pb/204Pb for Saldanha sediment 
samples (a and b) and core SCD7 and Saldanha rocks (c and d). Data from TAG hydrothermal sediments 
(German et al., 1993; Mills et al., 1993); TAG vent ﬂuids, mound deposits, Fe-Mn nodules and crusts, 
plume particles and basalts (Godfrey et al., 1994); Lucky Strike hydrothermal sediments and basalts 
(Dias et al., 2008; Dosso et al., 1999; Ferreira, 2006); and basalts from Famous-Amar segments (Lang-
muir et al., 1977) are also projected, as well as values for NHRL (Hart, 1984); NASL (Ben Othman et al., 
1989) and Atlantic seawater (von Blanckenburg et al., 1996).
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(Dosso et al., 1999). Only one basalt sample (B2) exhibits a somewhat higher 207Pb / 204Pb 
ratio, deviating from other local maﬁc rocks and from the NHRL and FAMOUS-AMAR 
maﬁc rocks towards seawater values (Fig. VI.4c-d). The most radiogenic Pb ratios were 
found in serpentinites. The two studied samples, however, do not display homogeneous 
values. Serp1 displays more radiogenic Pb values than Serp2. Steatites, on the other 
hand, have non-radiogenic Pb values, similar to the maﬁc rock values. 
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Fig VI.5. SCD7 Pb isotope ratios down core proﬁle. Range of Pb isotopic ratios from the different Saldan-
ha lithologies are also represented. 
VI.5. Discussion
VI.5.1. REE and Nd isotope composition
Chondrite-normalized patterns from samples SH92, SH118T, SH119 and SCD8 are 
comparable with normal pelagic sediments (e.g. Wildeman and Haskin, 1965), in agree-
ment with the dominant pelagic ooze component in these samples. The negative Ce 
anomalies and non-radiogenic Nd compositions, plotting close to the NADW composi-
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tion (Piepgras and Jacobsen, 1992), imply that signiﬁcant REE scavenging from seawa-
ter has occurred, probably by Fe-Mn oxyhydroxide phases. More radiogenic Nd values 
were also found in some layers of these cores, suggesting a some hydrothermal or local 
detrital input with more radiogenic Nd isotopic ratios. Similar ε
Nd(0)
 values have been 
reported for sediments from the TAG hydrothermal ﬁeld and this was interpreted as Nd 
isotopic compositions being related to the mixing of hydrothermal and seawater Nd con-
tents (Mills et al., 1993; Godfrey et al., 1994).
In the Mn-crust of sample SH118T, LREE enrichments with no negative Ce anoma-
lies and higher ε
Nd(o)
 values (-7.85) indicate a signiﬁcant contribution of  low-temperature 
hydrothermal ﬂuids during crust formation. Previous studies of the Saldanha crust also 
suggested a hydrothermal contribution in their genesis, based on the dominant todorok-
ite mineralogy and chemistry (Dias et al., 2005). Moreover, the values recorded in this 
Fe-Mn crust fall in the range of the TAG hydrothermal ferromanganese crusts (Mills et 
al., 2001), further corroborating its hydrothermal source.
In contrast, core SCD7 has variable REE contents. LREE enrichment and positive 
Eu anomalies, particularly evident between 16-21 cmbsf, are a consequence of high-
temperature hydrothermal minerals, mainly sulphide phases. In the other layers of this 
core, REE patterns present both negative and positive Eu anomalies and variable REE 
concentrations, as a consequence of the different amounts of talc and serpentinite and 
of variation in the detrital fraction. Maﬁc lithoclasts, in spite of being present in minor 
quantities in this core, have higher REE contents than minerals precipitated by hydro-
thermal ﬂuids, which are characteristically depleted in REE. This is particularly evident 
in the upper core (< 8 cmbsf) where Nd concentrations are nine times that of chondrite 
and where major amounts of lithoclasts were found (Dias et al., submitted).
The radiogenic Nd values from SCD7 (ε
Nd(0)
 = +8.01 to +10.37) are inferred to result 
from interaction of hydrothermal ﬂuids with Saldanha maﬁc rocks at high temperatures, 
as they are similar to those recorded in maﬁc rocks from this region (ε
Nd(0)
 = +8.57 to 
+10.11). When compared with the TAG and Lucky Strike Nd isotopic signature, SCD7 
samples plot closer to Lucky Strike (Fig VI.3). Lucky Strike sediments are more radio-
genic than those from TAG, and are dominated by a hydrothermal fraction directly pre-
cipitated from hydrothermal ﬂuids circulating through the underlying rocks, with minor 
seawater interaction (Dias et al., 2008). In contrast, TAG sediments show evidence for 
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mass-wasting of sulphide material and dilution with the background pelagic sediment 
(Mills et al., 1993; Godfrey et al., 1994), resulting in lower Nd isotopic ratios. This is 
consistent with the non-pelagic content of core SCD7 and with a minor Nd isotopic con-
tribution from seawater. 
The REE composition of the Saldanha basalts ((La/Sm)
CH
 = 1.38 and 1.53) falls with-
in the range for the transitional-mid ocean ridges basalts (T-MORB) from the  Azores 
southern  ridge (1.8 > (La/Sm)
CH
 > 0.7; Schilling, 1975; Langmuir et al., 1977; Schilling et 
al., 1983). Basalt geochemical analyses in the MAR sector between the Azores platform 
(40ºN) and 33º 30’N (Schilling, 1975; Dosso et al., 1999) have revealed heterogeneities 
along this ridge segment. The REE variation with latitude can be divided into two main 
groups: (1) the 40ºN to 33.30ºN sector, which includes the Saldanha site, is marked by 
a smooth and progressive northwest enrichment of LREE with a consequent increase of 
(La/Sm)
CH
 ratios, which can be as high as 2-3 near the Azores islands; (2) south of 34ºN, 
basalt patterns are characterized by LREE-depletion with (La/Sm)
CH
 ratios lower than 
1, typical of normal-mid ocean ridge basalts (N-MORB). Basalts from the FAMOUS 
region (36º, 47’N, MAR) have been characterized as basalts from a “transitional zone” 
(Schilling, 1975; Langmuir et al., 1977; Schilling et al., 1983) where both  N-MORB, 
containing slight LREE depletion characteristic of mid-ocean ridges ((La/Sm)
CN
 ~ 0.62), 
and LREE-enriched T-MORB ((La/Sm)
CN
 ~ 1.3 to 1.9) have been found, the later being 
related to the Azores hot spot geochemical inﬂuence. Basalts collected in the studied 
area have LREE enrichments, though their (La/Sm)
CN
 ratios are not as high as those 
reported for basalts collected nearer the Azores platform. Saldanha basalts previously 
studied by Costa (2001) display similar (La/Sm)
CN
 values, but one of these samples has a 
much lower (La/Sm)
CN
 ratio (0.6), falling in the range of N-MORB. Thus, the Saldanha 
site lies in the “transitional zone” under the inﬂuence of two distinct mantle sources; the 
Azores plume inﬂuence is only minor. 
The REE pattern for a metabasalt sample (MB1) is similar to those for fresh basalts 
suggesting that the REE distribution is not affected by alteration in this sample. The 
mineralogy and geochemistry of this sample suggest limited ﬂuid interaction with low 
water/rock ratios (Costa, 2001). The second metabasalt sample (MB2) and metagabbros 
(MG1 and MG2), show a slight REE-depletion, positive Eu anomaly ((Eu/Eu*)
CN
 =1.33 
to 1.45) and lack a Ce anomaly, suggesting that REE mobility is controlled by a high 
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temperature, more reducing ﬂuid with considerably lower pH than seawater (Sverjen-
sky, 1984; Michard, 1989; Klinkhammer et al., 1994; Allen and Seyfried Jr, 2005). The 
larger Eu anomalies in samples MB2 and MG1 conﬁrm petrographic observations which 
showed that these two samples present a higher degree of hydrothermal alteration.
There is no previously published isotopic data for the Saldanha region. The nearest 
rocks with known isotopic signatures are basalts from N-FAMOUS and S-AMAR, north 
and south of the Saldanha area, respectively (Dosso et al., 1999). These maﬁc rocks have 
Nd isotopic compositions similar to the Saldanha data reported here. Saldanha metaba-
salts and metagabbros analysed in this study yield Nd isotopic composition similar to 
basalts (ε
Nd(0)
 = +8.54 to +10.10), and this is consistent with alteration by hydrothermal 
ﬂuids (ε
Nd(0)
 = ~ +10) instead of seawater weathering, as interaction with seawater should 
modify the rock isotopic values towards seawater-like signatures (Fig. VI.3). Another 
possibility to explain the similar signatures of altered maﬁc rocks and basalts is that the 
Nd isotopic composition was not modiﬁed during hydrothermal alteration, as a result 
of low ﬂuid/rock ratios. However, with higher temperature ﬂuids, isotopic modiﬁcation 
might occur (Michard and Albarède, 1986; Snow and Dick, 1995). It is not possible to 
detect ﬂuid signatures in those cases when the ﬂuids interacting with basalts or gabbros 
have already a maﬁc-like Nd isotopic composition, acquired through previous interac-
tion with maﬁc rocks.
Serpentinites and steatites display a U-shaped REE pattern with slight LREE en-
richments ((La/Sm)
CN
 = 2.52 to 5.98) and variable positive Eu anomalies (1.31 to 8.00). 
These patterns are similar to those reported for oceanic mantle that typically display a 
convex shape with a marked LREE and HREE enrichment relatively to non-depleted 
mantle ultramaﬁc rocks. High ﬂuid ﬂuxes are required to add enough REE to the rock 
and generate the LREE enrichment relative to the protolith. Similar U-shaped and LREE 
enriched patterns have been described for dunites and harzburgites from, for example, 
Trinity ophiolite complex in California (Gruau et al., 1998) and Eastern Alps (Melcher 
et al., 2002). 
The LREE enrichment described for ultramaﬁc rocks has previously been attributed 
to sequential disequilibrium mantle melting (e.g. Melcher et al., 2002), serpentinization 
and metasomatism processes (e.g. Prinzhofer and Allegre, 1985) or contamination by 
continental sources as, for example, through melt/ﬂuids interaction derived from sub-
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ducted continental material (e.g. Sharma and Wasserburg, 1996; Gruau et al., 1998). It is 
generally accepted that LREE enrichments are not compatible with melting models for 
the upper mantle and it is thought that LREE enrichments result either as a consequence 
of metasomatic processes, such as hydrothermal ﬂuid alteration, or as refertilization by 
basaltic melts (Shaw, 1970; Prinzhofer and Allegre, 1985; McDonough and Frey, 1989; 
Sharma and Wasserburg, 1996; Savov et al., 2005). The REE pattern displayed by the 
Saldanha serpentinites seems to be the consequence of extensive seawater-peridotite 
interaction, and the positive-Eu anomalies probably result from an interaction with re-
duced hydrothermal ﬂuids. Other serpentinized peridotites as those from MAR-15º 20’N 
(Paulick et al., 2006) and  Mariana Forearc seamount (Savov et al., 2005) also exhibit 
LREE-enriched patterns and positive Eu anomalies, and this was interpreted to result 
from hydrothermal ﬂuid-serpentinite interaction.
REE patterns of steatites show, however, larger positive Eu anomalies relatively to 
serpentinites (especially sample ST2 with Eu/Eu*= 8.00), which is consistent with more 
extensive reactions with reduced hydrothermal ﬂuids, and the negative Ce anomaly is an 
effect of seawater-rock interactions during precursor serpentinite signature. Flat REE 
patterns with negative Eu anomalies have also been reported for talc samples from other 
MOR sites, e.g. talc-rich rocks from 15º 20’N MAR (Paulick et al., 2006) and even for 
some steatites from Saldanha and Rainbow sites (Costa, 2001; Marques et al., 2006 ). 
The REE signature of talc alteration from these sites deviates substantially from the 
signature of their serpentinized protolith, as these talc-rich rocks show negative Eu-
anomalies and a weak sloping or ﬂat pattern. They also display an overall increased con-
centration of REE, despite mass addition to the serpentinites, which would tend to dilute 
these elements. Eu anomalies in steatites are not well understood but, following Paulick 
(2006), higher concentrations of REE are added during talc alteration as a result of high 
Si activity in the ﬂuids. However, Eu does not follow to this trend probably because it 
does not ﬁt in the talc lattice, so that negative Eu anomalies may develop. In spite of 
these observations, steatites with positive Eu anomalies are known both in the Saldanha 
and Rainbow sites (Costa, 2001; Marques et al., 2006 ) and in other oceanic environ-
ments (e.g. D’Orazio et al., 2004). In these cases, positive Eu anomalies are interpreted 
to be the result of hydrothermal alteration. In spite of some controversy concerning the 
Eu anomalies in talc-rich rocks, it seems that steatites were probably more affected by 
hydrothermal ﬂuids than serpentinites, showing higher positive Eu anomalies. These al-
186
VI. Fluid-rock reaction and hydrothermal circulation at the Saldanha ﬁeld
tered ultramaﬁc rocks also show slightly negative Ce anomalies that have been recorded 
during intense seawater-peridotite interaction (serpentinization process).
Saldanha serpentinites and steatites display ε
Nd(0)
 close to zero (ε
Nd(0)
 = -0.25 to +1.52), 
falling between mantle peridotite and NADW compositions. The REE, and as a conse-
quence the Nd isotopic composition of the oceanic crust, remain basically unchanged 
because they are essentially immobile except at high water/rock ratios and/or when rocks 
interact with high-temperature ﬂuids (> 350ºC, Michard and Albarède, 1986; Snow and 
Dick, 1995). Faure (1986) calculated that signiﬁcant rock alteration takes place only at 
water/rock ratios over 105 and that rock Nd isotopic ratios ﬁnally approach seawater val-
ues when this ratio reaches 108. Thus, the low ε
Nd(0)
 values of serpentinites and steatites 
most likely result from seawater-peridotite at a high water/rock ratio, consistent with ser-
pentinization reactions. The REE patterns from steatites, in spite of reﬂecting high-tem-
perature ﬂuid interaction suggested by the positive Eu anomalies, display negative Ce 
anomalies as result of seawater-peridotite interactions and consistent with Nd isotopic 
composition. Geochemical data shows that serpentinites were the precursors of steatites 
and this could be an explanation for the Nd isotopic composition in talc-rich rocks.
VI.5.2. Pb isotope composition
All sediments, with the exception of SCD7 samples and SH118T, show radiogenic Pb 
isotope compositions similar to the NASL, reﬂecting the signiﬁcant pelagic component 
in these sediments which also dominates the REE and Nd isotopic content.
In core SCD7, the Pb isotope composition at 11-13 cmbsf matches values recorded in 
maﬁc rocks, suggesting input of maﬁc derived Pb from hydrothermal ﬂuids. In the re-
maining sedimentary material of this core the Pb isotopic values are variable, with radio-
genic values higher than the NHRL and which plot away from the FAMOUS-AMAR area 
and for local rocks that do not exhibit seawater metasomatism. This variation is inferred 
to reﬂect the variable input of hydrothermal and detrital lithologenic material to this site. 
The serpentine, talc and minor chlorite observed in SCD7 contributes to the radiogenic 
values found throughout the core (Fig. VI.5), which is reﬂected in the REE patterns (Fig. 
VI.2a). The radiogenic Pb composition between 19-21 cmbsf is much lower than local 
rocks and than any samples from the FAMOUS-AMAR segment. The large amounts 
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Fig VI.6. Eu anomalies vs. Pb isotope ratios in core SCD7.
A comparison of the less radiogenic Pb values from SCD7 with those from TAG and 
Lucky Strike sediments (Fig. VI.4a), indicates that the SCD7 sediment signatures are 
closer to the Lucky Strike sediment values and coincident with the more radiogenic val-
ues from TAG. The difference in the Pb isotopic signatures at these three sites is inferred 
to be a consequence of hydrothermal interaction with the different isotopic composition 
of the local basement rocks. The compositional difference in MAR basalts south of the 
Azores, between 34ºN to 41ºN, is well characterised (Schilling, 1975; Schilling et al., 
1983; Dosso et al., 1999) and there is a gradual northwards enrichment in radiogenic 
Pb, associated with Azores mantle plume inputs. South of 34ºN this inﬂuence is not de-
tected. The lower latitude TAG hydrothermal ﬁeld, outside the inﬂuence of the Azores 
plume, has less radiogenic sediments and basalts, whereas Lucky Strike (37ºN) exhib-
its the highest radiogenic values because of the proximity of the Azores platform. The 
Saldanha area (36ºN) has Pb isotope compositions similar to Lucky Strike values, which 
is consistent with the known Pb compositional variability along the MAR (Dosso et al., 
of sulphide minerals at this depth account for the less radiogenic values, though not for 
values lower than those measured in local rocks. Although such low values might be due 
to measurement errors or to contamination during sample preparation, this may also be a 
consequence of a less radiogenic source, such as hydrothermal ﬂuids that have circulated 
through less enriched basalts or gabbros. Costa (2001) identiﬁed both N-MORBs and 
T-MORBs in the Saldanha area, which are sources of less radiogenic and more radio-
genic Pb, respectively. In sample SCD7, a signiﬁcant positive correlation between the Eu 
anomaly and Pb isotopic ratios is observed (Fig VI.6), suggesting that non-radiogenic Pb 
values relate to hydrothermally-derived Pb (larger Eu anomaly).
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1999). The same could be observed in relation to Nd isotopic composition where sedi-
ments from Lucky Strike show less radiogenic isotopic signatures relative to SCD7 be-
cause of the less radiogenic Nd values at those MAR latitudes (Dosso et al., 1999). Such 
differences give rise to ﬂuids with different isotopic compositions, ultimately reﬂected 
on the sediments isotopic composition. 
In spite of the variability within core SCD7, the non-radiogenic Pb isotope ratios 
imply that hydrothermal ﬂuids have reacted with maﬁc rocks rather than being serpen-
tinization-derived ﬂuids. 
The Mn crust from sample SH118T display radiogenic Pb and this is comparable 
to TAG Mn crusts, where this was interpreted as the result of scavenging of Pb from 
seawater by the oxyhydroxides (Godfrey et al., 1994). In sediment from sample SH118T, 
collected below the crust cap, the non-radiogenic values suggest hydrothermal input into 
the pelagic sediment, and the higher ratios measured in the crust cap, near seawater com-
positions, are consistent with seawater Pb scavenging by the Mn oxyhydroxides which 
overprints any hydrothermal contribution at the crust. This also suggests that the Mn 
crust acts as a barrier cap for the sediment below, minimizing seawater-sediment mixing 
processes and thus explaining the less radiogenic Pb signature derived from hydrother-
mal input.
Lead isotope values in the Saldanha basalts are consistent with previous values de-
termined for rocks from that area of the MAR (Dosso et al., 1999), indicating a slight 
enrichment in more radiogenic Pb as a consequence of the Azores mantle plume inﬂu-
ence, as was describe above. The non-radiogenic Pb isotope ratios displayed by the al-
tered basalts and gabbros point to hydrothermal Pb sources, rather than normal seawater 
metasomatism. The higher radiogenic Pb ratios of serpentinites result from extensive 
seawater reactions with the original peridotite, imprinting seawater Pb signatures on the 
rock. Variations of Pb isotopic ratios in the two serpentinite samples analysed, especially 
in the 207Pb/204Pb ratio, could indicate either different amounts of seawater interaction 
during serpentinization, or late stage interaction of sample Serp2 with hydrothermal 
ﬂuids that have circulated through maﬁc rocks. This later interpretation is consistent 
with the observation of small positive Eu anomalies in Serp2 (Fig. VI.2). Steatites have 
non-radiogenic values similar to the altered maﬁc rocks, consistent with maﬁc-derived 
ﬂuid interaction, corroborating the interpretation of the REE data.
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VI.5.3. Hydrothermal circulation at the Saldanha site
At the Saldanha area, exhumed ultramaﬁc rocks outcrop as consequence of low mag-
matic supply and low-angle detachment faulting at this NTO (Gràcia et al., 2000). These 
rocks show extensive serpentinization as a result of interaction of upper mantle peri-
dotites with seawater at depth. On the other hand, steatites, metabasalts, metagabbros 
and hydrothermally altered sediments result from interaction with hydrothermal ﬂuids 
(modiﬁed seawater) due to pervasive fracturing as result of ultramaﬁc emplacement, 
favouring circulation of hydrothermal ﬂuids. 
Chemical, isotopic and mineralogical evidence from this work indicate that these 
hydrothermal ﬂuids result from seawater interaction with fractured maﬁc crust. Fluids 
responsible for hydrothermal alteration at Saldanha rocks and sediments are high-tem-
perature, reducing, low-pH ﬂuids, enriched in Si and metals, acquiring their Pb and Nd 
isotopic signatures from the maﬁc rocks. Upﬂow of such ﬂuids takes place preferentially 
along highly permeable fracture zones, reacting with the host rocks, as suggested by 
the occurrence of metabasalts, metagabbros and steatites mainly following the major 
NNE-SSW and NE-SW faults orientation from the Saldanha area (Barriga et al., 2003; 
Miranda et al., 2003). These focused hydrothermal upﬂow zones also seem to generate 
sediments with a more signiﬁcant hydrothermal component compared with diffuse ﬂuid 
venting through the sediment cover. NTDs, such as the one where the Saldanha mount 
occurs, and shear zones are good examples of fracture-related hydrothermal circula-
tion.
VI.6. Conclusions
Saldanha sediments have chemical compositions mostly indistinguishable from North 
Atlantic pelagic sediments. These sediments are dominated by a biogenic carbonate com-
ponent that masks the hydrothermal signature from the relatively minor hydrothermal 
Fe-Mn oxyhydroxides and sulphide phases. Moreover, REE and Pb are scavenged from 
seawater by oxyhydroxides which overprints the hydrothermal signature with seawater 
signatures in these sediments. The relatively non-radiogenic Pb isotope composition ob-
served in core SH118T is inferred to arise as consequence of the Mn crust cap that limits 
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seawater interaction and carbonate input, preserving the Pb isotopic composition in the 
sediment.
The distinctive geochemical signatures in core SCD7 arise from the precipitation of 
hydrothermal minerals from ﬂuids that have reacted with local maﬁc rocks. Down core 
variation in the hydrothermal and detrital components controls the bulk REE and Pb 
isotopic signatures. Lead isotope data from this core suggests that Pb may have derived 
from hydrothermal sources which have reacted with local maﬁc rocks, though other Pb 
sources (talc/serpentine background, lithogenic detritus) also contribute to the signiﬁ-
cant down core geochemical variability. The most hydrothermal horizon in core SCD7 
has a Pb isotopic composition comparable with TAG and Lucky strike hydrothermal 
sediments. The main difference between these North Atlantic ﬁelds in the Pb isotopic 
compositions measured in sediments is a consequence of isotopic variation in MORB 
between sites, which is manifest in the hydrothermal ﬂuids that react with these rocks. 
Saldanha basalts exhibit transitional-MORB REE patterns and are similar to the more 
enriched basalts described for FAMOUS (Langmuir et al., 1977). Their REE composi-
tion and Nd and Pb isotopic ratios are typical of MAR basalts, related to Azores mantle 
plume inﬂuence. Metabasalts and metagabbros show geochemical signatures consistent 
with maﬁc-derived hydrothermal ﬂuids, corroborating previous petrographic observa-
tions in these rocks.
Serpentinized ultramaﬁc rocks display REE patterns and isotopic compositions con-
sistent with extensive seawater interactions with the peridotite protolith, during serpen-
tinization reactions. However, our data also suggest interaction with hydrothermal ﬂuid. 
Steatites also display negative Ce anomalies and Nd isotopic signatures driven by sea-
water interaction with the serpentinite precursor, but the prominent positive Eu anomaly 
and Pb isotopic ratios similar to those for the Saldanha maﬁc rocks imply hydrothermal 
alteration by high-temperature ﬂuids circulating through local maﬁc rocks. Moreover, 
steatization (talc alteration) resulted from extensive Si input from hydrothermal ﬂuids 
which were also responsible for sulphide mineralization in these rocks. 
Geochemical differences between core SCD7 and the other Saldanha sediments sug-
gest that the Saldanha hydrothermal ﬁeld is not simply a low-temperature and diffuse 
venting ﬁeld driven by ultramaﬁc ﬂuids, as reported in previous works (e.g. Barriga et 
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al., 1998). Core SCD7, steatites and altered basalts and gabbros conﬁrm that higher-tem-
perature and more focused ﬂuid ﬂow also occurs at this site. Moreover, hydrothermally 
altered samples are consistent with interaction with high-temperature hydrothermal ﬂu-
ids that have reacted with local maﬁc rocks, with only minor ultramaﬁc contributions.
Fractures zones driven by ultramaﬁc emplacement in the Saldanha NTO may control 
the circulation of hydrothermal ﬂuids. In spite of less intense hydrothermal activity at 
the Saldanha site than at other similar sites, there is signiﬁcant mineralization associated 
with the more permeable upﬂow zones within the underlying rocks and sediment cover. 
The subsurface mineralisation prevents signiﬁcant seawater-ﬂuid interactions and con-
sequently minimizes seawater scavenging and oxidation processes. 
Acknowledgements
We thank all the participants in the Seahma’ 2001 and CD167 cruises for various 
forms of indispensable cooperation in surveying and sampling. We are grateful to 
CREMINER’ researchers and technicians and to NOCS Geochemistry staff for labora-
tory assistance. We acknowledge ﬁnancial support from FCT (Portugal) through project 
SEAHMA (POCTI/MAR/15281/1999) and through a PhD scholarship to the ﬁrst author 
(SFRH/BD/8896/2002).
References
Allen, D.E. and Seyfried Jr, W.E., 2005. REE controls in ultramaﬁc hosted MOR hy-
drothermal systems: An experimental study at elevated temperature and pressure. 
Geochimica et Cosmochimica Acta, 69: 675-683.
Allen, D.E. and Seyfried Jr., W.E., 2004. Serpentinization and heat generation: Con-
straints from Lost City and Rainbow hydrothermal systems. Geochimica et Cosmo-
chimica Acta, 68: 1347-1354.
Barriga, F.J.A.S. et al., 2003. Seahma-1 Cruise Report Faculty of Sciences, University of 
Lisbon, Lisbon.
Barriga, F.J.A.S. et al., 1998. Discovery of the Saldanha hydrothermal ﬁeld on the FA-
MOUS segment of the MAR (36º 30’N). Eos, Transactions, American Geophysical 
Union, 79: F67.
192
VI. Fluid-rock reaction and hydrothermal circulation at the Saldanha ﬁeld
Ben Othman, D., White, W.M. and Patchett, J., 1989. The geochemistry of marine sedi-
ments, island arc magma genesis, and crust-mantle recycling. Earth and Planetary 
Science Letters, 94: 1-21.
Bougault, H. et al., 1998. FAMOUS and AMAR segment on the Mid-Atlantic Ridge: 
ubiquitous hydrothermal Mn, CH
4
, δ3He signals along the rift valley walls and rift 
offsets. Earth and Planetary Science Letters, 161: 1-17.
Charlou, J.-L. et al., 1997. H   igh methane ﬂux between 15ºN and the Azores Triple Junc-
tion, Mid-Atlantic ridge, hydrothermal and serpentinization processes. Eos, Transac-
tions, American Geophysical Union, 78.
Charlou, J.-L., Donval, J.-P., Fouquet, Y., Jean-Baptiste, P. and Holm, N.G., 2002. Geo-
chemistry of high H
2
 and CH
4
 vent ﬂuids issuing from ultramaﬁc rocks at the Rain-
bow hydrothermal ﬁeld (36º14’N, MAR). Chemical Geology, 191: 345-359.
Charlou, J.L. et al., 1993. Seawater CH
4
 concentration over the Mid-Atlantic Ridge from 
the Hayes F.Z. to the Azores triple junction. Eos, 74: 380.
Costa, R., 2001. Estudo mineralógico e geoquímico da alteração hidrotermal das rochas 
vulcânicas e ultramáﬁcas serpentinizadas do Monte Saldanha (RMA, Segmento FA-
MOUS /AMAR). MSc Thesis, Faculdade de Ciências da Universidade de Lisboa, 
Lisboa, 142 pp.
D’Orazio, M., Boschi, C. and Brunelli, D., 2004. Talc-rich hydrothermal rocks from the 
St. Paul and Conrad fracture zones in the Atlantic Ocean. European Journal of Min-
eralogy, 16: 73-83.
DePaolo, D.J. and Wasserburg, G.J., 1976. Nd Isotopic Variations and Petrogenetic Mod-
els. Geophysical Research Letters, 3: 249-252.
Dias, A. and Barriga, F., 2006. Mineralogy and geochemistry of hydrothermal sedi-
ments from the serpentinite-hosted Saldanha hydrothermal ﬁeld (36º34’N; 33º26’W) 
at MAR. Marine Geology, 225: 157-175.
Dias, A., Früh-Green, G.L., Bernasconi, S.M., Barriga, F.J.A.S. and teams, S.a.C.D.C., 
submitted. Geochemistry and stable isotopes constraints on high-temperature activ-
ity from sediment cores of the Saldanha ﬁeld. Marine Geology.
Dias, A., Jorge, R.C.G.S. and Barriga, F.J.A.S., 2005. Low temperature hydrothermal 
Manganese crust from Saldanha ﬁeld, Mid-Atlantic Ridge, International MoMAR 
Implementation Workshop, 7-9 April 2005, Lisbon, Portugal, pp. 29.
Dias, A.S., Mills, R.A., Taylor, R.N., Ferreira, P. and Barriga, F.J.A.S., 2008. Geochem-
istry of a sediment push-core from the Lucky Strike hydrothermal ﬁeld, Mid-Atlantic 
Ridge. Chemical Geology, 247: 339-351.
Dosso, L. et al., 1999. The age and distribution of mantle heterogeneity along the Mid-
Atlantic Ridge (31º-41º N). Earth and Planetary Science Letters, 170: 269-286.
Douville, E. et al., 2002. The Rainbow vent ﬂuids (36º14’N, MAR): the inﬂuence of 
ultramaﬁc rocks and phase separation on trace metal content in Mid-Atlantic Ridge 
hydrothermal ﬂuids. Chemical Geology, 184: 37-48.
193
VI. Fluid-rock reaction and hydrothermal circulation at the Saldanha ﬁeld
Elderﬁeld, H. and Greaves, M.J., 1982. The rare earth elements in seawater. Nature, 18: 
214-219.
Fouquet, Y. et al., 1998. FLORES diving cruise with the Nautile near Azores - First dives 
on Rainbow ﬁeld: hydrothermal seawater/mantle interaction. Inter Ridge News, 7: 
1998.
Fouquet, Y. et al., 1997. Discovery and ﬁrst submergible investigations on the Rainbow 
hydrothermal ﬁeld on the MAR (36º 14N). Eos, Transactions, American Geophysical 
Union, 78.
Fraure, G., 1986. Principles of Isotope Geology Wiley, New York, 589 pp.
German, C.R., Parson, L.M. and Team, H.S., 1996. Hydrothermal exploration near the 
Azores Triple Junction: Tectonic control of venting at slow-spreading ridges? Earth 
and Planetary Science Letters, 138: 93-104.
Godfrey, L.V., Mills, R., Elderﬁeld, H. and Gurvich, E., 1994. Lead behavior at the Tag 
hydrothermal vent ﬁeld, 26ºN, Mid-Atlantic Ridge. Marine Chemistry, 46: 237-254.
Gràcia, E., Bideau, D., Hekinian, R., Lagabrielle, Y. and Parson, L.M., 1997. Along-axis 
magmatic oscillations and exposure of ultramaﬁc rocks in a second-order segment of 
the Mid-Atlantic  Ridge. Geology, 25: 1059-1062.
Gràcia, E., Charlou, J.-L., Radford-Knoery, J. and Parson, L., 2000. Non-transform off-
set along the Mid-Atlantic ridge south of the Azores (38ºN-34ºN): ultramaﬁc expo-
sures and hosting of hydrothermal vents. Earth and Planetary Science Letters, 177: 
89-103.
Gruau, G., Bernard-Grifﬁths, J. and Lecuyer, C., 1998. The origin of U-shaped rare earth 
patterns in ophiolite peridotites: Assessing the role of secondary alteration and melt/
rock reaction. Geochimica et Cosmochimica Acta, 62: 3545-3560.
Hart, S.R., 1984. A large-scale isotope anomaly in the Southern Hemisphere mantle. 
Nature, 309: 753-757.
Kelley, D.S. et al., 2001. An off-axis hydrothermal vent ﬁeld near the Mid-Atlantic Ridge 
at 30ºN. Nature, 412: 445-449.
Klinkhammer, C.P., Elderﬁeld, H., Edmond, J.M. and Mitra, A., 1994. Geochemical 
implications of rare earth element patterns in hydrothermal ﬂuids from mid-ocean 
ridges. Geochimica et Cosmochimica Acta, 58: 5105-5113.
Krasnov, S.G. et al., 1995. Detailed geological studies of hydrothermal ﬁelds in the North 
Atlantic. In: L.M. Parson, C.L. Walker and D.R. Dixon (Editors), Hydrothermal Vents 
and Processes. Geological Society Special Publication, London, pp. 43-64.
Langmuir, C.H., Bender, J.F., Bence, A.E., Hanson, G.N. and Taylor, S.R., 1977. Petro-
genesis of Basalts from Famous Area - Mid-Atlantic Ridge. Earth and Planetary Sci-
ence Letters, 36: 133-156.
Lowell, R.P. and Rona, P.A., 2002. Seaﬂoor hydrothermal systems driven by the serpen-
tinization of peridotite. Geophysical Research Letters, 29: 1-4.
Marques, A.F.A., Barriga, F., Chavagnac, V. and Fouquet, Y., 2006. Mineralogy, geo-
194
VI. Fluid-rock reaction and hydrothermal circulation at the Saldanha ﬁeld
chemistry, and Nd isotope composition of the Rainbow hydrothermal ﬁeld, Mid-At-
lantic Ridge. Mineralium Deposita, 41: 52-67.
McDonough, W.F. and Frey, F.A., 1989. Rare earth elements in upper mantle rocks. In: 
B.R. Lipin and G.A. McKay (Editors), Reviews in Mineralogy. Mineralogical Soci-
ety of America, pp. 100-145.
Melcher, F., Meisel, T., Puhl, J. and Koller, F., 2002. Petrogenesis and geotectonic setting 
of ultramaﬁc rocks in the Eastern Alps: constraints from geochemistry. Lithos, 65: 
69-112.
Mevel, C., 2003. Serpentinization of abyssal peridotites at mid-ocean ridges. Comptes 
Rendus Geosciences, 335: 825-852.
Michard, A., 1989. Rare earth element systematic in hydrothermal ﬂuids. Geochimica et 
Cosmochimica Acta, 53: 745-750.
Michard, A. and Albarède, F., 1986. The REE contents of  some hydrothermal ﬂuids. 
Chemical Geology, 55: 51-60.
Mills, R., Elderﬁeld, H. and Thompson, J., 1993. A dual origin for the hydrothermal 
component in a metalliferous sediment core from the Mid-Atlantic Ridge. Journal of 
Geophysical  Research, 98: 9671-9682.
Mills, R., Wells, D.M. and Roberts, S., 2001. Genesis of ferromanganese crusts from the 
TAG hydrothermal ﬁeld. Chemical Geology, 176: 283-293.
Miranda, J.M. et al., 2003. Study of the Saldanha massif (MAR, 36º34’N): Constrains 
from rock magnetic and geophysical data. Marine Geophysical Research, 23: 299-
318.
Paulick, H. et al., 2006. Geochemistry of abyssal peridotites (Mid-Atlantic Ridge, 15° 20 
‘ N, ODP Leg 209): Implications for ﬂuid/rock interaction in slow spreading environ-
ments. Chemical Geology, 234: 179-210.
Piepgras, D.J. and Jacobsen, S.B., 1992. The behavior of rare earth elements in seawater: 
Precise determination of variations in the North Paciﬁc water column. Geochimica 
et Cosmochimica Acta, 56: 1851-1862.
Prinzhofer, A. and Allegre, C.J., 1985. Residual peridotites and the mechanisms of par-
tial melting. Earth and Planetary Science Letters, 74: 251-265.
Ribeiro da Costa, I., 2005. Serpentinization on the Mid-Atlantic Ridge: the Rainbow, 
Saldanha and Menez Hom sites. PhD Thesis, Faculdade de Ciências da Universidade 
de Lisboa, Lisbon, 444 pp.
Savov, I.P., Ryan, J.G., D’Antonio, M., Kelley, K. and Mattie, P., 2005. Geochemistry 
of serpentinized peridotites from the Mariana Forearc Conical Seamount, ODP Leg 
125: Implications for the elemental recycling at subduction zones. Geochemistry 
Geophysics Geosystems, 6: Q04J15.
Schilling, J.G., 1975. Azores mantle blob: rare-earth evidence. Earth and Planetary Sci-
ence Letters, 25: 103-115.
Schilling, J.G. et al., 1983. Petrologic and geochemical variations along Mid-Atlantic 
195
VI. Fluid-rock reaction and hydrothermal circulation at the Saldanha ﬁeld
Ridge from 29ºN to 73ºN. American Journal of Science, 283: 510-586.
Schroeder, T., John, B. and Frost, B.R., 2002. Geologic implications of seawater circula-
tion through peridotite exposed at slow-spreading mid-ocean ridges. Geology, 30: 
367-307.
Seyfried Jr, W.E., Foustoukos, D.I. and Fu, Q., 2007. Redox evolution and mass transfer 
during serpentinization: An experimental and theoretical study at 200ºC, 500 bar 
with implications for ultramaﬁc-hosted hydrothermal systems at Mid-Ocean Ridges. 
Geochimica et Cosmochimica Acta, 71: 3872-3886.
Sharma, M. and Wasserburg, G.J., 1996. The neodymium isotopic compositions and 
rare earth patterns in highly depleted ultramaﬁc rocks. Geochimica et Cosmochimica 
Acta, 60: 4537-4550.
Shaw, D.M., 1970. Trace element fractionation during anatexis. Geochimica et Cosmo-
chimica Acta, 34: 237-&.
Sinha, M.C., Dzhatieva, Z., Dias, A. and Fredrichs, N., 2006. RRS Charles Darwin Cruise 
167, 23 Nov - 21 Dec 2004. Sub-seaﬂoor physical properties at Saldanha Seamount, 
Mid-Atlantic Ridge, and controls on the spatial distribution of hydrothermal venting, 
National Oceanography Centre Southampton, Southampton, UK.
Snow, J.E. and Dick, H.J.B., 1995. Pervasive magnesium loss by marine weathering of 
peridotite. Geochimica et Cosmochimica Acta, 59: 4219-4235.
Sverjensky, D.A., 1984. Europium redox equilibria in aqueous solution. Earth and Plan-
etary Science Letters, 67: 70-78.
Tanaka, T. et al., 2000. JNdi-1: A neodymium isotopic reference in consistency with 
LaJolla neodymium. Chemical Geology, 168: 279-281.
von Blanckenburg, F., ONions, R.K. and Hein, J.R., 1996. Distribution and sources of 
pre-anthropogenic lead isotopes in deep ocean water from Fe-Mn crusts. Geochimica 
et Cosmochimica Acta, 60: 4957-4963.
Wildeman, T.R. and Haskin, L.A., 1965. Rare-earth elements in ocean sediments. Jour-
nal of  Geophysical  Research, 70: 2905-2910.
Workman, R.K. and Hart, S.R., 2005. Major and trace element composition of the de-
pleted MORB mantle (DMM). Earth and Planetary Science Letters, 231: 53-72.

VII. CONCLUSIONS AND FUTURE WORK

199
VII. Conclusions and future work
VII.1. Conclusions
In spite of the importance of low-temperature hydrothermal systems for ore forming 
processes (e.g. Barnes, 1997), research efforts at active deep-sea hydrothermal ﬁelds 
have been mainly directed to high-temperature, focal ﬁelds. In particular, the geochem-
istry of hydrothermal ﬂuids has been investigated in more detail in black smoker vents 
than in diffuse ﬁelds. Fluids emanating from focal and discrete vents are easier to sample 
and both the minor ﬂuid-rock-sediment reactions at recharge zones and the less-pro-
nounced dilution by the background seawater at these systems allow a more direct access 
to the end-member ﬂuid chemistry. The geochemistry of ﬂuids at ultramaﬁc ﬁelds is still 
controversial and, in most cases, a maﬁc chemical contribution to ﬂuids is also pointed. 
Hydrothermal sediments from low-temperature and diffuse systems, in particular at ul-
tramaﬁc environments, are also less-well characterized. To contribute for this asymme-
try in the knowledge of hydrothermal systems, the geochemistry of the low-temperature 
and diffuse Saldanha ﬁeld was studied and compared with the higher temperature and 
more focal Lucky Strike site. Saldanha is an off-axis pelagic sedimented ﬁeld hosted at 
ultramaﬁc-maﬁc rocks, while Lucky Strike is hosted in recent basalts at the segment 
ridge and presents minor pelagic sedimentation. 
Sediments from Lucky Strike consist of a dominant hydrothermal component formed 
essentially by barite, chalcopyrite, sphalerite and pyrite. According to the classiﬁcation 
of Rouxel et al. (2004), these are type B and C deposits related with relatively low-tem-
perature venting (<220 °C) for this system. Copper, Zn, Fe and Pb are mainly incorpo-
rated in sulphide phases and the high Fe/Mn ratio in sediments is consistent with hydro-
thermal Fe being almost completely removed from solution, while Mn tends to remain 
in a reduced, dissolved form at signiﬁcant dilutions through the ﬂuid discharge. Barium, 
incorporated in barite, is the major element for this sediment and its concentration is 
higher in the upper layers. This element precipitates during the reaction of hydrothermal 
ﬂuids with seawater, with Ba being derived from the hydrothermal ﬂuid and SO
4
 from 
seawater. In spite of the necessary seawater input for barite precipitation, the REE pat-
tern at upper layers is essentially crystallographic controlled by barite, showing LREE 
enrichments and positive Eu anomalies, higher than in the sulphide-rich underlying lay-
ers. This higher Eu enrichment occurs because in reduced conditions Eu can assume dif-
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ferent oxidation states, changing its valence from 3+ to 2+, and being the only reduced 2+ 
cation relatively to the remain trivalent REE. Thus, the Eu2+ ion is more similar to Ba2+ in 
both charge and size than the other REE, and co-precipitates preferentially with BaSO
4
. 
At deeper layers the presence of sulphide minerals is probably a consequence of precip-
itation during an earlier period of higher-temperature venting. The pronounced oxidation 
of sulphides at these layers suggest extensive interaction of these minerals with seawater 
before being buried by the overlying barite-rich sediments. The scavenging of elements 
from seawater justiﬁes the higher REE concentrations with lower positive Eu anomalies, 
the higher U/Fe and V/Fe ratios and the lower Nd isotope ratios. These down-core differ-
ences, namely the presence of a metal-rich layer showing oxidation of sulphides at deep 
and barite precipitation at upper layers, suggest pulses of activity at Lucky Strike system. 
Vigorous and higher temperature activity, inducing sulphide precipitation, followed by a 
weathering period and by more recent and lower temperature activity, favouring barite pre-
cipitation, would explain the observed down-core pattern. Nevertheless, Ba and Zn are the 
major elements of the studied sediment core and this is in accordance with an interaction 
with lower temperature and more diffuse ﬂuids, in comparison with the high-temperature 
and focused up ﬂow that give rise to the black smoker chimneys and Cu-rich deposits typi-
cal of Lucky Strike. 
Lead isotopic composition from Lucky Strike sediments is fairly uniform. Signa-
tures were acquired by precipitation of minerals by hot ﬂuids that have leached Pb from 
rift segment basalts (G1: Ferreira, 2006) during hydrothermal circulation. Hydrothermal 
signatures in both the sediments and basalts have more radiogenic Pb and less radio-
genic Nd isotopic values relatively to normal N-MORB, consistent with the well-deﬁned 
Azores mantle plume interaction taking place at that latitude (Dosso et al., 1999). For the 
same reason, barite enrichment is linked to hydrothermal Ba leaching from these basalts 
that are typically enriched in incompatible elements. 
In comparison, the studied hydrothermal deposits from Saldanha ﬁeld present two 
distinct chemical signatures, one related with diffuse hydrothermal ﬂuid ﬂow and the 
other probably related with more discrete upﬂow zones. Type I hydrothermal sediments 
are essentially “diluted” within the dominant pelagic carbonate foraminiferous ooze1 and 
1 Also called biogenous pelagic deep-sea sediments, which are, following Chester (1993), “a  deep-sea 
sediment that traditionally contains more than 30% of forams”.
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precipitate as a consequence of seawater penetration into sediments that progressively 
modiﬁes the temperature, Eh and pH condition of the upwelling hydrothermal ﬂuid. 
The bulk sediment mineralogy and chemistry (including stable and radiogenic isotopes) 
is consistent with a dominant pelagic composition that overprints almost completely 
the hydrothermal signature. An hydrothermal contribution is more evident in sediments 
directly collected at vent oriﬁces where more focal ﬂuid ﬂow occurs. Metals such as 
Cu, Zn, Fe and Co are incorporated in sporadic sulphide phases that precipitate during 
earlier periods of hydrothermal ﬂuid contact with the seawater, followed by precipita-
tion of Mn and of the remaining Fe as oxyhydroxide phases, as consequence of the more 
pronounced seawater-ﬂuid interactions taking place closer to the surface. Together with 
oxyhydroxides, seawater derived elements such as REEs, V, and U are also incorpo-
rated. During their ascendant pathway through the rock basement and sediment layers, 
hydrothermal ﬂuids experience signiﬁcant decreases in temperature and major chemical 
modiﬁcations, precipitating almost all their bearing metals before reaching the surface. 
This extreme depletion in metals and the dilution in the interstitial seawater justiﬁes the 
transparency of the ﬂuids that are released at the oriﬁce vents, as observed in the 1998 
and 2002 Saldanha and Seahma missions, respectively.
Type II hydrothermal sediments (represented by the SCD7 sediment core) have a 
stronger hydrothermal component and a negligible pelagic fraction. These sediments are 
suggested to be formed as a consequence of more focused and higher ﬂuid ﬂuxes that 
experience minor interaction with seawater during their ascent. The mineral assemblage 
is characterized by high concentrations of sulphide minerals and by the presence of hy-
drothermal calcite, in a matrix of serpentinite + talc ± chlorite. Effective separation of 
Cu, Zn, Fe and Mn occurs, with decreasing ratios of Cu/Zn, Cu/Fe, Zn/Fe and increasing 
ratios of Mn/Fe from the bottom to the upper core layers. This is a consequence of the 
decrease in temperature and Eh and increase in pH conditions of the hydrothermal ﬂuid 
during its ascent. Copper-sulphides ﬁrst precipitate at deep followed by Cu-Zn and Fe-
sulphides. At the top layers Mn and Fe, not incorporated into sulphide phases, precipitate 
as rare Mn oxyhydroxides. These sediments are enriched in Mg, Cr and Ni, derived from 
ultramaﬁc sources, and depleted in seawater derived elements, with only the uppermost 
layers showing slight enrichments in V and P. This is in accordance with minor seawater 
scavenging processes during the hydrothermal ﬂuid ascent. Subsurface precipitation of 
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metals will deplete ﬂuids in these elements, although Mn, and most of Fe, are probably 
kept in solution until the release of the hydrothermal ﬂuid at the surface. These elements 
disperse in the hydrothermal plumes and precipitate far from the vents. 
In these type II sediments, geochemical data suggest mineral precipitation from ﬂu-
ids with a much higher temperature than that from Type I sediments. The chondrite-nor-
malized enrichment in LREE and the positive Eu anomaly detected in sediments implies 
that the mineral assemblage of chalcopyrite + sphalerite/wurtzite ± pyrite – pyrrhotite 
was precipitated by ﬂuids with temperatures higher than 250ºC. Consistently, O isotopic 
data from hydrothermal calcites found in these sediments indicates that ﬂuids with a 
temperature of at least 260ºC have been involved in their precipitation.
Additionally, altered lithologies found at Saldanha, essentially altered–basalts, al-
tered-gabbros and steatites (talc-bearing serpentinites), show evidences of high-tem-
perature ﬂuids having reacted with local maﬁc rocks. This is revealed by the chondrite 
normalized Eu-positive anomalies and by the non-radiogenic Pb isotopic ratios and ra-
diogenic Nd compositions found in these lithologies, which are similar to those from 
Saldanha fresh basalts and other basalt samples from these latitudes (Langmuir et al., 
1977; Dosso et al., 1999). The abundance of hydrothermal sulphides also suggests input 
of maﬁc-driven hydrothermal ﬂuids (Allen and Seyfried Jr, 2003). Moreover, a simple 
reaction between peridotites and seawater does not release sufﬁcient Si to form talc-rich 
rocks (Wetzel and Shock, 2000), while high-temperature hydrothermal reactions between 
maﬁc rocks and seawater enriches the ﬂuid in Si (Bach et al., 2004). This may explain 
the formation of the talc-bearing rocks found at Saldanha. Carbon isotopic data also in-
dicates a magmatic component in Saldanha hydrothermal ﬂuids. Similar carbon isotopic 
signatures are found in ﬂuids collected at the high-temperature Logatchev and Rainbow 
ultramaﬁc-hosted ﬁelds (Charlou et al., 2002). In Lost City, also an ultramaﬁc-hosted 
ﬁeld but where ﬂuids are alkaline and with temperatures lower than 75ºC (Früh-Green 
et al., 2003), carbon in ﬂuids is derived from serpentinization processes (Proskurowski 
et al., 2008) and the carbon isotopic signatures are markedly different from those from 
Saldanha. This suggests that degassing processes are the principal source of carbon to 
ﬂuids in ﬁelds like Saldanha, Rainbow and Logatchev, although a contribution by meth-
ane released during serpentinization reactions is also a possibility. These data demon-
strates that hydrothermal ﬂuids at Saldanha are not simply derived from ultramaﬁc rock 
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reactions but that local maﬁc rocks are the major modiﬁers of the ﬂuid geochemistry. A 
comparison between the geochemical features of Saldanha and Lucky strike sediments 
is presented in Table VII.1.  
Thus, although the low-temperatures directly measured at the vent oriﬁces during 
Seahma mission (max. 9ºC) are in agreement with the geochemical properties of the “di-
luted” type I sediments, data collected for type II sediments demonstrate that hydrother-
mal ﬂuids at Saldanha ﬁeld reach much higher temperatures (>250ºC). It seems probable 
that this is the consequence of a more focal ﬂow area related to the fault network of the 
site. In this area ﬂuids are likely to reach the surface at temperatures much higher than 
those directly measured at the vents during Seahma mission. The occurrence of type 
II sediments in the same area of the low-temperature sediments deserves an explana-
tion. Most of Saldanha sediments used in this study were collected during the 1998 and 
2002 missions. All these sediments, including those directly sampled at the vents, were 
type I sediments. The only sediment collected at the vent area in 2004 was the type II 
SCD7 core, sampled by a gravity core from the ship. In this mission it was not possible 
to perform in situ observations or vent temperature measurements. This raises the pos-
sibility that temperatures are increasing at the site. This is supported by the observation 
that the number of vents recorded at the top of the mount increased from the 1998 to the 
2002 mission. Alternatively, the gravity corer that sampled SDC7 may have hit an area 
of the site of more focused and higher temperature hydrothermal activity that remained 
unnoticed during the previous missions. This seems more unlikely as the area at the co-
ordinates where core SCD7 was sampled was thoroughly inspected by submersible and 
ROV dives in the 1998 and 2002 missions and no evidence for more focused and higher 
temperature activity was detected. This means that Saldanha ﬁeld may represent the 
birth of an hydrothermal system similar to Rainbow site. A future mission to Saldanha 
could clarify this exciting possibility. 
The high-temperature of the hydrothermal ﬂuids established for Saldanha in this 
study also points for a magmatic heat source for the site, instead of heat being exclusively 
derived from exothermic serpentinization reactions, as ﬁrstly proposed for this system 
(Barriga et al., 1998). Heat balance calculations, integrated with constraints imposed by 
geochemical modelling, for two other ultramaﬁc hosted ﬁelds (Lost City and Rainbow), 
indicate that an exclusive heat source resulting from the exothermic serpentinization 
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Table VII.1. Summary table of some geochemical features of sediments from Saldanha and Lucky Strike 
hydrothermal ﬁelds. Deep–sea pelagic carbonaceous sediments are also represented for comparison.
Saldanha
(Type I)
Saldanha
(Type II)
Saldanha 
Fe-Mn 
Crust
Lucky Stike
(L151:Type 
B&C)
Pelagic carbona-
ceous sediment (1)
H
yd
ro
th
er
m
al
 ﬂ
ui
ds
 d
er
iv
ed
 e
le
m
en
ts
Si (%) 0.54 to 1.71 15.36 to 22.11(3) 0.88 14.4 to 20.3 3.2
S (%) 0.28 to 0.35 0.06 - 0.50 0.06 6.61 to 18.00 -----
Cr (ppm) 6.0 to 82.9 180 - 3290* 23.6 167 to 522 11 to 28
Mn (%) 0.04 – 9.04 0.59 - 1.15 % 48.47 % 0.002 - 0.004 0.01 to 0.05
Fe (%) 0.48 to 1.71 3.51 to  9.56 1.26% 4.20 to 10.80 0.8 to 0.9
Co (ppm) 9.0 to 26.5 75.0 to 99.7* 15.7 15.6 to 56.7 7 ppm
Ni (ppm) 11 to 31 458 - 1850* 231 41 to 152 11 to 30
Cu (ppm) 9 to 116 23 to 1240 124 1790 -7850 19 to 30
Zn (ppm) 0 to 117 48 to 112 84 >10000 20 to 35 ppm
Pb (ppm) < 9 < 5 30 89 to 263 9 ppm
Ag (ppm) n. d. n.d. n.d. 6.5 to 16.8 0.0
Ba (ppm) 53 to 195 <1 to 27 779 1037 to 106700 190
Au (ppb) < 8 < 2 ppb n.d. 32.0 to 1.6 0.0
S
ea
w
at
er
 d
er
iv
ed
el
em
en
ts
Mg (%) 0.31 to 3.00 12.22 to 17.74(4) 0.95 1.48 to 2.15 —
P (%) 0.01 to 0.08 0.00 to 0.05 0.06 < 0.08 % 0.03 to 0.04
V (ppm) 28 to 165 28 to  489 260 303 to 380 20 to 33
Th (ppm) 0.78 to 1.29 0.00 to 0.42 0.89 0.75 to 1.76 2.3 to 5.2
U (ppm) 0.18 to 0.44 0.00 to 0.48 0.58 6.68 to 15.00 —
R
E
E
(Eu/Eu*)
CN
0.70 to 0.85 0.91 to 1.68 0.75 1.35 to 8.89 0.48
(Ce/Ce*)
CN
0.41 to 0.69 0.75 to 0.92 0.95 0.70 to 0.89 1.42
(La/Sm)
CN
2.77 to 3.83 0.73 to 2.02 3.68 2.74 to 12.41 1.66
P
b
is
ot
op
es
 206Pb/204Pb 18.549 to 19.096 17.947 to 19.100 18.784 18.987 to19.010 18.515 to 18.986
207Pb/204Pb 15.559 to 15.630 15.559 to 15.669 15.649 15.562 to 15.571 15.015 to 15.675
208Pb/204Pb 38.314 to 39.163 37.730 to 39.142 38.770 38.579 to 38.624 38.818 to 39.103
N
d 
is
ot
op
es
143Nd/144Nd
0.512098 to 
0.512148
0.513049 to 
0.513170
0.512236
0.51287 to 
0.51301
0.511942 
– 0.512356
ε
Nd(o) 
-9.55 to -10.53 +8.1 to +10.37 -7.85 +4.5 to +7.3 -5.5 to -13.6
S
ta
bl
e
is
ot
op
es
δ13C
(PDB)
 (‰) -0.27 to 0.48
-4.25 to -1.36
HC: -0.609 to 
-3.267
— — -1 to 2
δ18O
(SMOW) 
 
(‰)
30.2 to 34.2
12.7 to 16.0 
HC: 6.60 to 11.63
— — —
T (ºC) (2) 2.8 to 18.5
111.9 to 149.7
HC:188.4 to 268.8
— — —
(1) data for pelagic carbonates from Ohmoto (1986), Ben Othman et al., (1989), Chester (1993), Ohmoto 
and Goldhaber (1997) and Cave et al., (2002); (2) temperature estimation based on the calcite-water 
fraction factor of Friedman and O’Neil (1977). Elements derived from: (3) ﬂuids and ultramaﬁc leached 
elements or ultramaﬁc detritic fraction; (4) seawater and detritic fraction; (n.d.) not detected; (HC): hy-
drothermal calcite.
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process is unlikely in systems with temperatures as high as those proposed here for 
Saldanha (Allen and Seyfried Jr., 2004).
Sediments from Lucky Strike hydrothermal site are more enriched in metals than 
sediments from Saldanha as a consequence of higher concentrations in sulphides, re-
sulting from the more vigorous hydrothermal activity at Lucky Strike. Sulphides are, 
however, more oxidized at Lucky Strike due to the more pronounced seawater interac-
tion. At Saldanha, the presence of a sediment cover reduces seawater interactions, in 
particular at the areas where the more focused ﬂow and metal-rich type II sediments 
form, and protects sulphides from oxidation. This is supported by the lower scavenging 
of elements from seawater at Saldanha in comparison to Lucky Strike, as given by the 
seawater elements/Fe ratios (e.g. Saldanha, U/Fe = 1.17x10-5 to 1.8x10-6; Lucky Strike, 
U/Fe = 2.6x10-4 to 8.7x10-5) and by the higher Nd isotopic ratios at Saldanha. Also, one 
Saldanha “diluted” hydrothermal sediment that was capped by a Mn-crust presented 
geochemical evidences of minor seawater interaction. Thus, at Saldanha, the presence 
of a sedimentary cover and of crust caps favour an efﬁcient extraction of metals from 
hydrothermal ﬂuids and their precipitation within the sediment cover, inhibiting their 
dispersal in the hydrothermal plumes and their oxidation by seawater. These conditions 
may be particularly favourable for the formation of deep-sea ore deposits.
VII.2. Future work
Monitoring the system
For better understand the setting of the high-temperature type II sediments found at 
Saldanha it is essential to return to the ﬁeld and perform in situ observations with ROVs 
or submersibles, not only for collecting more type II-like sediments, but also to verify if 
any important modiﬁcation in hydrothermal activity has occurred. In particular, efforts 
should be made to try to detect evidences (either present or ancient) of the more focused 
and higher temperature hydrothermal activity inferred from sample SCD7. If a conﬁr-
mation of an increase in hydrothermal activity is observed, this would provide an excit-
ing opportunity to monitor the development of a rising hydrothermal ﬁeld. An accurate 
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determination of the ﬂuids’ temperature with probes capable of measuring both surface 
and subsurface temperature is also critical. Finally, the collection of hydrothermal ﬂuids 
for geochemical analysis would be fundamental to further understand the ﬂuid-rock-
sediment interactions taking place at this system.
Chemical and isotope analysis in isolated mineral phases
Additional geochemical analysis, namely of REE and isotope contents, in isolated 
mineral phases would be important to clarify the source of elements in sediments and to 
constrain the effective hydrothermal contribution. Complementary to Pb and Nd, other 
isotope analyses should account:
• strontium isotopes (87Sr/86Sr) that provide complementary information on the mixing 
proportions of hydrothermal ﬂuids and seawater. Strontium is present in both hydro-
thermal ﬂuids and seawater and the strontium isotopic composition within primary 
hydrothermal minerals can be used to trace the extent of mixing between the non-
radiogenic hydrothermal ﬂuids and the more radiogenic seawater (e.g. Albarede et 
al., 1981; Mills and Elderﬁeld, 1995; James and Elderﬁeld, 1996; Mills and Harrison, 
1998);
• sulfur isotopes (δ34S) which provide valuable information on sulphur sources and 
precipitation mechanisms in submarine hydrothermal deposits. δ34S determination 
in isolated sulphides can indicate that sulphur has driven: (1) from the leaching of 
basement rocks; (2) from the reduction of admixed seawater-derived sulphate; and (3) 
from microbial sulphate reduction that could be a possible alternative source of H
2
S 
in seaﬂoor hydrothermal systems, especially at sedimented and low-temperature sites 
(e.g. L’Haridon et al., 1998). The deep biosphere has been shown to have a signiﬁcant 
impact in the mechanisms of speciation and distribution of metals in deep-sea sedi-
ments (e.g. Wirsen et al., 1993; Parkes et al., 1994; Jannasch, 1995; McCollom and 
Shock, 1997; Severmann et al., 2006) and the determination of sulphur isotopes could 
provide information on the relevance of biogenic processes for sulphide precipita-
tion;
• iron isotope (δ56Fe, δ57Fe) analysis in Fe-bearing minerals may also give evidence of 
microbe-induced Fe isotope fractionation (Beard et al., 1999; Brantley et al., 2001), 
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as iron-oxidizing microorganisms have been shown to play a signiﬁcant role in the 
formation of iron oxide deposits at the seaﬂoor (e.g. Juniper and Fouquet, 1988).
Study of Fe-Mn crusts
One Saldanha sample used in this study and collected in a vent was capped by a Mn-
crust that was isolated and studied by a number of techniques, including petrographic 
analysis, X-ray diffraction, bulk chemical elements and Pb and Nd isotopic determina-
tion, electronic microprobe chemical analysis and scanning electron microscopy. In spite 
of the wide range of techniques used to study this crust, its source of metals is still not 
clear, with some analysis reﬂecting hydrothermal contribution and others suggesting an 
hydrogenetic origin (presented in a poster format at the MoMAR’05 meeting; Dias et al., 
2005). The collection and analyses of further Fe-Mn crusts should allow determining 
with more precision the relative contribution of hydrothermal and hydrogenetic proc-
esses to Mn-crust formation.
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